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GENERAL INTRODUCTION AND SUMMARY 
The field of human growth studies.includes a variety of 
types of studies. A growth study may either be designed 
to study individual development, or to study age 
dependency as described by population growth standards. 
A few studies concern developmental differences over 
successive generations, the secular trend. The Nymegen 
Growth Study, from which the experiences and concepts 
in this dissertation are drawn, was designed in order 
to study the individual growth and development of 
children with respect to dental, somatical and 
psychological aspects, also taking into account the 
social background of the children. The measurement data 
from this study may be used to analyze any or all of 
the three above-mentioned aspects of growth, since a 
study design was chosen explicitly to include each of 
these factors. 
In statistical theory a design is defined by the 
specification of a subset of the possible combinations 
of values of its relevant independent variables. The 
independent variables in growth studies are three time 
parameters: birth date, age, and time of measurement. 
These three parameters are not independent of each 
other, however, since: 
time of measurement = birth date + age. 
Thus the design of a growth study begins with a choice 
of two of the above time parameters, followed by a 
choice of the set of combinations of values for them. 
In studies of individual growth, the same individuals 
must be followed over time. In such studies, birth date 
is the primary time parameter to be specified. From a 
statistical point of view, all individuals from a 
single birth date constitute the statistical population 
in question. Because such a population consists of a 
relatively small number of individuals, this single 
birth date is usually broadened to include a region of 
birth dates, or birth cohort. Thus the individuals in 
each cohort, constitute the sample population. It is 
usually desirable to extend results based on such a 
sample population to a wider group, the target 
population. This problem is discussed further below. 
A study in which the development of only one cohort is 
studied by means of repeated measurements on the same 
sample of individuals of that cohort, is known as a 
purely longitudinal study, while a study in which 
individuals selected from several cohorts are followed 
simultaneously is called a mixed longitudinal study 
(Prahl-Andersen and Kowalski, 1973). The term linked 
cross-sectional is also used for this type of design 
(Rao and Rao, 1 966 ) . 
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Fig 1. Example showing that an average growth curve 
(dotted line) may deviate from each of the involved 
individual curves (compact l i n e s ) . 
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Apart from studies of individual growth as described 
above, average growth curves may also be constructed 
from a study of the development of a single cohort over 
time, where a different sample from the cohort is 
chosen for each successive measurement. Average growth 
curves based on such cohort studies with Independent 
observations do not deviate (except for possible test 
effects - see section 2.1) from averaged individual 
growth curves based on purely longitudinal or mixed 
longitudinal studies. 
A third possibility for the construction of average 
growth curves is found in cross sectional designs, in 
which measurements are made at a single point in time 
on individuals selected from different cohorts that 
span the desired age range. An average growth curve 
based on a cross-sectional design can deviate markedly 
from each of the average growth curves of the various 
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Fig 2. Example of an average growth curve based on 
cross-sectional data collected in 1975 (the bent curve) 
that deviates from each of the involved average cohort 
growth curves (straight lines). 
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The basic difference between a cohort study and a 
cross-sectional study is that a cohort study is 
conducted on one well-defined statistical population, 
whereas a cross-sectional study is conducted on 
different populations. Both individual growth curves 
and average growth curves based on repeated 
observations of one cohort give an accurate picture of 
mean changes with age. Since average growth curves 
based on cross-sectional data do not give as consistent 
a description of growth, the applications of 
cross-sectional average growth curves are limited. It 
is, of course, not true to state that longitudinal 
average growth curves are superior in all cases and for 
all purposes. 
Each of the three time parameters - birth date, time 
of measurement and age - has its own influence on the 
observations made in a growth study - cohort effects, 
time of measurement effects and age effects, 
respectively (Schale 1965). These are explained and 
discussed in more detail in section 2 and are only 
briefly summarized here. · 
Cohort effects stem from basic underlying differences 
in the patterns of growth between groups of individuals 
born at different times. Such differences over a long 
period of time are known as the secular trend. Cohort 
effects make it difficult to generalize the results of 
a cohort-specific study to the population at large and 
are the primary cause for differences between average 
growth curves derived from cross-sectional and 
longitudinal studies, as demonstrated in Figure 2. 
Time of measurement effects originate from temporary 
circumstances affecting the measurements being made. 
Studies concentrating on time of measurement effects 
are often designed to evaluate public health policy 
decisions such as new public health programs, 
information campaigns, and so on. Usually, however, 
time of measurement effects occur simply due to changes 
in measurement methods during the progress of the 
study. 
An age effect is defined as the net contribution that 
age has on the considered quantity. The age effect is 
indeed what growth studies are usually designed to 
measure, while cohort effects and time of measurement 
effects are often considered as disturbing factors. 
In section 2 it is shown that it is Impossible to 
design a study in which the three time effects can be 
completely isolated. Apart from the assumption of 
additivity of the three effects, additional assumptions 
are always necessary. Using dental data from the 
Nymegen Growth Study, some useful simplifying 
assumptions for a mixed longitudinal design with a 
limited combination of values of the time parameters 
are demonstrated, particularly the simplification of 
ignoring one of the three time effects (i.e., setting 
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it equal to zero (van 't Hof, Prahl-Anderaen, Kowalski, 
1976). 
In section 2 it is also shown that in such simple 
designs there exists the opportunity to test the 
assumption of the additivity of the effects. Another 
source of disturbance, which may arise in studies on 
the same individuals over time, are test effects. Test 
effects may be due to frequent contacts with the 
investigators or to the repetition of the same 
measurements. Test effects may either improve or harm 
the quality of measurements over time. In some cases, 
the measurement accuracy is improved as the subject 
(usually a child) and the investigator become familiar 
with one another. In other cases, the motivation to 
repeat required achievements goes down with frequent 
repetition, impairing later measurements. Yet another 
kind of test effect may be caused if the subjects are 
receiving better medical attention as a reward for 
their part icitation, or become more aware of the 
responsibility with respect to their own health. Such 
effects may be regarded as a disadvantage to the 
statistical analysis, although they are obviously to 
the advantage of the participants. 
In section 2.2, anthropometrical data are used to 
demonstrate an analysis method for data in an extended 
mixed longitudinal design (van 't Hof, Roede, Kowalski, 
1977). In this case, it is not necessary to neglect 
completely one of the time effects a priori. Here an 
opportunity exists to introduce the assumption of a 
simple functional form for each of the three time 
effects, such as describing age effects with a low 
degree polynomial and combining several neighboring 
times of measurement. Using this treatment of time 
effects, an analytical model is introduced that is 
flexible with respect to the a priori assumptions 
required in a mixed longitudinal analysis. A least 
squares method is applied to give estimates for age-, 
cohort- and time of measurement effects and an average 
growth curve which is corrected for cohort- and time of 
measurement effects. 
In section 2.3 the analysis of the age dependency of 
the variance of several antropometrical quantities is 
presented (van 't Hof, Kowalski, 1977). Among the 
results of this analysis are the estimations of cohort 
differences in the variances and the fitting of 
functions for the variance with age. Again a least 
squares method is introduced. In order to make the 
residuals comparable at the various age levels, the 
analysis is performed using the logarithm of the 
calculated variances of each cohort at each time of 
measurement. The homogeneity of the variances for the 
different cohorts at the same age is tested using 
Bartlett's chi-square approximation. The resulting age 
functions for the variances, taken together with the 
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average growth curves obtained in section 2.2, are the 
basis fop the construction of population growth 
standards consisting of several percentile curves as a 
function of age. 
After this presentation of analysis techniques in mixed 
longitudinal designs we discuss these strategies in the 
context of the objectives of growth studies. 
Mixed longitudinal studies with repeated measurements 
are primarily designed to find relationships between 
developmental processes and to give explanations for 
them. Since such relationships are often due to very 
fundamental physiologic phenomenons in nature, the 
results of a study that was done using a place- and 
time-bounded population may still be validly extended 
to other groups of individuals. This means that for the 
study of relational aspects of growth a restricted 
sample population may be investigated instead of the 
wide target population (Cornfield and Tukey, 1956). For 
growth standards based on a restricted sample 
population, on the other hand, it is hard to Judge what 
other populations - differing in place or time - may be 
described by the same standards. This implies that a 
large number of regional growth standards, which need 
revision regularly, are necessary. 
The analyses of average growth curves, time of 
measurement effects and cohort effects proposed above 
are more important than the construction of growth 
standards alone. Such analyses give insight into the 
validity of individual growth curves, being the basis 
for the aimed study of developmental processes. 
Particularly, if these analyses establish the existence 
of significant time of measurement effects, this 
knowledge will prevent the misinterpretation of growth 
velocities. Depending on the kind of explanation found 
for the effects, their magnitude and the importance of 
the variable, any of the following actions may be 
taken : 
- adjusting or correcting individual growth curves 
- rejecting parts of the data 
- refraining from calculation of growth veloceties 
- remeasuring parts of the data 
- combining measurements (e.g. using averages over one 
year) 
- giving a warning to potential users of the results 
Once the design of a large growth study has been 
chosen, a computer system for the processing, storage 
and analysis of the data must be established. Such 
computer system has two main tasks: data editing and 
data analysis. Section 3 presents some typical problems 
that arise in the processing of growth data, as well as 
some suggestions for their solutions as implemented in 
the Nymegen Growth Study. 
For multidisciplinary studies in particular, in which 
the data originate from different sources, it is of 
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primary importance that the data can easily be merged 
and that there are no technical restrictions on the 
possibilities of applying statistical techniques. In 
the Nymegen Growth Study, the computer processing 
strategy is based on two principles. The first is that 
the data editing can only be done effectively and 
efficiently by a study-directed system. The second is 
to create a framework in which all commonly available 
standard programs and computer packages can be used. In 
order to enable a choice of the material available In 
the Nymegen Growth Study for a desired analysis, the 
system is designed to make listings of the availability 
of data and to produce records for the chosen variables 
in a format which can be used as input for all current 
statistical packages. Much attention is paid to the 
identification of subgroups and to the labelling of the 
variables in order to be sure that subsequent analyses 
are indeed carried out on the samples and variables 
desired. 
For the analysis of individual growth curves, it is 
important to determine what influence, if any, time of 
measurement has had upon the observations (c.f. section 
2). When time of measurement effects are established to 
be minimal, the analysis of individual growth curves 
may begin. This includes the calculation of special 
individual developmental quantities such as the age 
levels and durations of growth spurts and developmental 
stages. Most such growth parameters are based on 
individual growth velocity curves. Section M presents a 
review of methods that can be used for the calculation 
of growth velocities (van 't Hof, Roede, Kowalski, 
1976). 
Two well-known methc'is for calculating growth 
velocities are the increment method and the polynomial 
method. The increment method (calculating growth 
velocities as the difference between two successive 
measurements divided by the time in between), has the 
disadvantage that in general the available information 
is not used optimally, as can be seen from the fact 
that an increase of the measurement frequency will 
reduce the increments, but will not reduce the 
measurement error in the increments. In addition, two 
successive increments are negatively correlated. In 
other words, for an increased measurement frequency the 
relative measurement error increases and the growth 
velocity curve will present an inaccurate picture made 
worse by the negative correlation. The polynomial 
method (calculating growth velocities as the 
mathematical derivative of a polynomial, fitted to all 
available observations) has the disadvantage that it 
lacks a theoretical foundation. In addition all errors 
in the calculated growth velocity curve for an 
individual are mutually stochastically dependent. 
Finally these errors are all of a different magnitude, 
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which can hinder further analysis. 
Also in section 4, a new method for the calculation of 
growth velocities is proposed that is a convenient 
blend of the two methods described above. This method 
uses a low-degree polynomial fitted to several 
neighboring points around each point of measurement. 
The underlying idea is to approximate the growth curve 
by a Taylor series expansion at each point. The 
increment method is clearly a special case of this 
hybrid method, i.e., the case where a first degree 
polynomial (straight line) is 'fitted' to two 
successive observations. The polynomial method is also 
a special case i.e. that a polynomial is fitted to all 
neighbouring points around each point of measurements. 
It is shown that the method introduced represents at 
least a partial solution to the two kinds of 
correlational problems mentioned above. 
One characteristic property of longitudinal data is a 
considerable dependence both within variables over time 
(e.g. estimated growth velocities) and between 
variables (e.g. height and sitting height). This often 
hinders data analyses. Then Monte Carlo methods - in 
this case, statistical simulation techniques based on 
the original data - may be useful tools for the 
analysis of time series in general and of longitudinal 
observations in particular. Some applications of the 
Monte Carlo technique,using data from the Nymegen 
Growth Study, are presented in section 5. Monte Carlo 
techniques are often applied to evaluate certain 
general statistical methods. Fictitious data, provided 
by a random number generator, are then analyzed, using 
the statistical techniques to be evaluated. It is 
partly due to such applications as these that the 
opinion has arisen that Monte Carlo techniques may only 
be used in extreme cases where theoretical 
considerations could not provide a solution. The 
appplications of Monte Carlo techniques that are found 
in section 5, however, are not simply concentrated on 
the validation of statistical methods in general but 
rather on data collected in a concrete situation. These 
applications constitute, therefore, a statistical 
method of their own. For the purpose of drawing 
conclusions by this method it makes no essential 
difference whether stochastic fluctuations are 
introduced by a computer or by physical reality. 
Three applications of Monte Carlo techniques in growth 
studies are discussed. 
(1). The generation of values for missing data. 
The dependence inherent in longitudinal data offers the 
possibility of calculating regression equations for a 
group of children that can be used in order to 
approximate a missing value of a single variable from 
measurements obtained at neighboring points of time. 
In order to avoid a later overestimation of the 
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involved (multiple) correlation coefficient it is 
useful to add a randomly drawn error. The variance of 
this random 'error' is chosen to be equal to the 
residual variance that was given by the regression 
analysis. An example of this application is given in 
section 3. 
(2). The estimation of errors in derived quantities. 
On the basis of series of longitudinal measurements, 
derived quantities may be calculated such as peak 
height velocity or average growth curves. In these 
situations, however, it is often Impossible to find a 
mathematical expression for the standard error in such 
a derived quantity. The Monte Carlo method provides a 
useful way of obtaining the standard error of the 
statistic under consideration. For this application the 
derived quantity in question is initially calculated 
using the original measurements. After this, "new" 
measurements are generated by adding a random error to 
the original values. These erors have expected values 
equal to zero and variances equal to the estimated 
corresponding error variance of the measurement method. 
The derived quantity is again calculated using these 
"new" data and this process is repeated any number of 
times, from as few as five to as many as ten thousand 
depending on the goals of the application. If within 
this (a priori chosen) number of repetitions the mean 
and standard deviation of the generated values equals 
the original value, it is reasonable to assume that the 
measurement error in the derived quantity has a 
symmetrical distribution. In that situation it is 
without doubt that the calculated standard deviation 
can be Interpreted as an estimation for the standard 
error of the calculated derived quantity. This 
technique has the advantage that changes in the 
calculation procedure of the derived quantity are 
automatically repeated in the calculation of the 
standard error, because the computer program uses the 
same routine both for the calculation of the original 
data and for the simulated data. 
In section 5.1 the method is applied to a situation in 
which individual growth curves are combined to generate 
average growth curves. The derived quantity in this 
case is the age of intersection (which may or may not 
exist) in the male and female average growth curves for 
several anthropometrical measurements. The analysis 
starts from average growth curves, which are corrected 
for cohort and time of measurement effects as described 
in section 2.2. On the basis of the calculated 
coefficients of the fitted polynomial and the estimated 
covariance matrix of the errors of the coefficients, 
500 curves of the difference between boys and girls are 
randomly generated and the points of intersection, if 
existing, are calculated. Conclusions drawn from the 
number of generated points of intersection that appear 
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may be either: 1) the existence, 2) the absence of an 
age of intersection in the population or, 3) that the 
data do not provide sufficient evidence for deciding 
whether there is intersection or not. The standard 
deviation of the generated ages can be interpreted as 
the standard error in the estimated age of intersection 
only when intersection is demonstrated and when the 
original estimated age of intersection is almost equal 
to the mean of the generated ages. In the application 
in section 5.1, it is found that for three out of 
twelve anthropometrical measures ages of intersection 
can be established with standard errors of the 
magnitude of one year. 
(3). The analysis of interactions between processes. 
During the growth period and especially during puberty, 
there are several processes working simultaneously in 
children. Such procesas may be observed separately 
(e.g. the onset of raenarche) or in combination (e.g. 
menarche in relation to growth spurts). The question 
often arises whether there exists an interaction 
between them. 
A Monte Carlo technique is again useful in answering 
such question.In the case of simultaneous longitudinal 
measurements on two processes, the combined results can 
be judged and quantified. With the aid of a random 
permutator both processe can be stuctured in a 
situation in which the two series of observation are 
randomly associated with each other. A comparison of 
the results of the actual situation with the results of 
this random pairing gives an idea of the interaction of 
both processes. An application of this method is found 
in section 5.2. There, several growth and maturation 
processes are studied in relation to the occurence of 
menarche. A conclusion of the analysis is that menarche 
interacts most clearly with bone age and with the 
development of secondary sex characteristics and less 
with the growth of more well known anthropometrical 
quantities such as height and weight. 
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section 2 GROWTH DESIGNS AND DATA ANALYSIS 
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A Model for the Study of Development Processes in 
Dental Research 
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In studying developmental processes in den 
tal research, variables other than chrono 
logical age must often be taken into account 
if we aie to characte-ч/е differences in the 
developmental patterns of the groups under 
considerdiion In particular, in addition to 
age, appropriate dei "lopmcntal models may 
have to incorporate cohort, iime-of measure 
ment end leamtntr effe, is One such model 
n described in this article and applied to 
(arie\ development and çmgwal condition in 
the Xymeg'n Growth Study 
Dental research is ofren concerned with and 
fmstrattd by the imm rold difficulties m 
herent in the pioblem of measuring change l 
Despite a longstanding interest in develop 
mental data (for л good review, see Moor 
rees
2
 who cues a stud) by Fauchard dealing 
with the de\elopmemal setjiitnce of the 
deciduous and permanent dentitmni dating 
back to 1728) , a number of promising ques 
lions in dental research continue to go un 
answered because of deficiencies in statistical 
methods ч ^ At least part of the problem 
can be traced to the design of developmental 
studies which with few excepnons 4 have 
been limited to but a scant f^ w basic ap 
proacbrs Diese include the conventional 
cross sectional and longitudinal appioaches 
as well as a third, frequentlv oveilooked but 
equally important method that we refer to 
as the time lag method 
T h i s investigation was supported in part hy a grant 
lo the N>megen Growth Study irom Hct Prjcventie 
fonds T h r H a g r e T h e Nether lands 
Received for puhl i ta l i HI J u n e 2 197^ 
Accepted lor publi ation No\ember 3 1975 
• For reprints Dr KoHdlsb 3211 Dental School Uni 
versiiy of Michigan Ann Arbor, Mich 48104 
The basic differences between the cross 
sectional and longitudinal designs may be 
put simplv as follows in the cross sectional 
design we gather infornntion using different 
finch pendent) samples of individuals ai 
each of se\eral points on τη age or time 
scales whereas m the longitudinal design we 
gathei infoi ination using the same sample ot 
individuals i t each point Thus, in a cross 
sectional study, if change with age is the 
object of inference the study would consist 
of different group», of individuals at selected 
points ilong the age scale If changes over 
the calendar time scale (secular trends) are 
of interest another type of cross sectional 
study would consist of different groups of 
mdiwduals of one particular age, each group 
being examined at a diffcient point of time 
(the so called time lag design) In longitu 
dinal studies which are invariably concerned 
with individual6 η or group 1 0 n development 
or both, the same individuals are measured 
at each point on the age scale Each of these 
designs have been used ш a variety of 
growth and development contexts and the 
pros and cons of the cross sectional vs the 
longitudinal method have been the center 
of much discussion (and considerable con 
trovcisy) in the literature of a number of 
disciplines 1 4 1 ' ' It is not our intention to 
present a detailed recapitulation of this ma­
terial For the purposes of the present dis 
cussion it suffices to recognize each of these 
designs as special cases of a more general 
developmental model and to point out the 
limitations of these methods in this more 
geneial context 
We begin, following the methods of Kes­
sen
 1 Г
 by agreeing that 'a characteristic is 
said to be developmental if it can be related 
21 
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to age in an orderly or lawful way" and pro-
pose a general developmental model that 
holds that development is a function of the 
age of the individual, the cohort to which 
the individual belongs, and the time at which 
the measurement is taken. l7-21 Here the 
term cohort refers to a group of individuals 
all born at the same point or (small) in-
terval of time and the concept of time-of-
measurement is meant to include all those 
environmental effects (for example, seasonal 
fluctuation) that may influence the value of 
a measurement taken at a given temporal 
point. In this terminology, the inadecjuacies 
of the classical designs for the study of de-
velopment may be conveniently summarized 
as follows;10 
1. The cross-sectional method measures age 
differences but confounds differences in de-
velopmental status with cohort differences. 
2. The longitudinal method measures age 
changes but confounds differences in de-
velopmental status with environmental treat-
ment effects. 
3. The time-lag method measures cultural 
change but confounds environmental treat-
ment effects with differences between gen-
erations, 
What all this means is that although each 
of these designs can be used to measure 
changes resulting from certain specified ef-
fects, these effects cannot be isolated for sep-
arate study (that is, they are confounded) 
when only these simple models are used.r'·17 
Thus, for example, if a cross-sectionul study 
shows that two age groups are different, it is 
impossible to tell if this difference is due to 
growth (developmental status) or to differ-
ences between the cohorts. As stated by 
Atiasiasi,— "Differences between 20- and Ί0-
year olds tested simultaneously . . . would re­
flect age changes plus cultural differentials, 
especially differences in the conditions under 
which the two age groups were reared." in 
the context of the properties of cross-sectional 
and longitudinal designs, these considera­
tions imply that, when cohort differences ex­
ist (I) it is necessary to qualify the concept 
of age by specification of cohort membership, 
(2) the age effects of a cross-sectional study 
are confounded with the cohort effects, and 
(3) the age effects of a longitudinal study 
may not be generalized to other cohorts.2" 
Thus, Campbell and Stanley2 3 would not 
classify either approach as a "true experi­
mental design." Baltes24 went so far as to 
assert "If one considers the process of making 
at least one controlled comparison as the 
basis of securing scientific evidence, both 
conventional designs have such a total ab­
sence of control as to be of almost no sci­
entific value." 
In view of these difficulties, more general 
models for the study of growth and develop­
ment have been proposed—primarily by 
Schale1 7 -" and Schaie and Strother2 1—but 
applications of these methods have, to date, 
been limited to psychometric investiga­
tions. -A : i l It is the purpose of the present 
article to describe this class of models and to 
illustrate their application to the study of 
dental developmental processes in the Nyme-
gen Growth Study.4 Although strictly mathe­
matical arguments are kept to a minimum, 
the data-analytic aspects of this exposition 
will involve some of the techniques of the 
Analysis of Variance and the reader is re­
ferred to Chilton1'- for the necessary back­
ground in this area. 
Materials and Methods 
In oider to adequately describe the growth 
and development of a particular character­
istic measured on each of a group of in­
dividuals. we propose the following model: 
G = fl-í-¿4-C+T + L ( η 
where G, the average value of the measure­
ment under consideration in the specified 
group is taken to be (addilively) related to 
five factors, or effects, described in turn as 
follows: 
В is baseline value for the measurement 
in question, that is, the value that G would 
assume in the absence of any variability be­
tween the groups as a result of differences 
in age, cohort, lime-of-measurcment or learn­
ing (testing) effects or Iroth. Otherwise 
stated, the value of В can be viewed as a 
constant for all of the groups included in 
the study and differences observed in the 
value of G for these groups ascribed to dif­
ferences in the values of the other factors 
comprising the model. 
A is age effect. Here the value of G is 
made to depend on the age of the individuals 
comprising the group. In the context of 
denial developmental studies, this would in­
clude such group differences as higher DMF 
indexes and more advanced dental develop­
ment in older children. 
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С is cohort effect Here the value of G is 
seen to be effected by possible cohort differ 
enees It is assumed that the value of ( is 
the same for nil groups of the s.ime cohort 
<ind is independent of dge txamples of со 
hort effects include differences between gen 
erations caused bv d u n pes in nuiritional 
status diffemmal ex posine to fiuondauon, 
etc 
Τ is time of measurement effect Time of 
measurement dFccis are \iewccl as mi) de 
panures from the baseline value, Π caused 
by shoittcrm or ÎluciiuttnR conditions in 
fluencing the value of the iruasurcnunt un 
dei considuaiion I hese include seasonal 
effects (for example summer vs winter 
dietary habits) and dunces in the meastuc 
mem procedine itself as may be caused by 
dnnqes in сфііртпст observers eie 
/ is leatntng (or testing) effet t I his is 
the contiibution of changes iti the v.ilue of 
(· induced by participation in the study 
Groups that have been repeatedly measured 
or otherwise influenced b\ с е н а т ircaiinent 
effects or both (for example msiruciion in 
pioper denial lugienc methods) will often 
th(For from matched control groups simply 
bv nr tuc of the fact that they arc a part 
of an experimental situation 
Given this model, and recogniJing that in 
any studs of development не are primarily 
imciesied in the effects of age, that is, the 
cohort lime of measurement, and learning 
effms are generally viewed as 'nuisance pa 
rimeicrs" interfering with our ability to di­
rectly smdv the developmental process, we 
now propose lo use dus model in such a way 
as to esumale and correct for these disturbing 
effects Since the iiadmonal cross sectional, 
longitudinal and time lag designs have al 
leady been shown to be madctpiate for this 
putpose we consider instead a design that 
may be viewed as a convt ment compromise 
between the traditional designs,4 namely, a 
mixed longitudinal design,17 with overlap 
* ping cohorts I he sttategy consists of taking 
a sample of individuals at age Л, and ob 
serving them for a specified number, y, of 
vears another sample at age А,<,Л
Х
 -f у 
and observing them for у years, etc The 
study can then be completed m у years' time 
and provides, for each of the groups under 
consideration estimates of the average giowth 





 + >), (Ait Л2 + у), (Лк, Лк + у) 
where, typically, у is chosen to be small 
* see Appendix Note 1 
relative to AM — Лх If there are A cohorts 
each followed longitudinally for y yeais with 
γ years of overlap, the total coverage is 
У = h (y — χ) = Л
к
 + у - Al years 
I he stint lure of such a design, ignoring 
for (he moment (he indusion of a learning 
effect in ec]nation (1) is shown in Figure 1 
foi the case of seven groups (labeled G
x 
through G7) coricspondmg to the various 
possible combinations of group structure 
when thiee cohorts (with the values of the 
coiicsponding effects labeled 0, c, and C, re-
spectnelv) are measured at three different 
times (eilccts labeled О t, and T) at three 
diffcicm ages (effects labeled O, a, and Ä) 
I bus. for example G, =_ li + A + i corre-
sponds to die group, comprised of the first 
í olmi ι (so С = О), that is measured for the 
sctond time at the third age level Here, for 
( o m u u e i u c , and without loss of generality, 
we ln\c scaled the measurements so that the 
first level of each of the factors, cohort, age, 
and time measurement, produces zero effect 
( 1 he cflect is, simply, absorbed into the 
constant R It is always possible to scale the 
UFuts in sut h a way that a particular level 
of ι hese effects has the value zero ) With this 
Mr, 1 —Diagrammatic representation of mixed 
Uiiigitiutinal design seven groups being denned 
l>\ τ irions (ombinaiions of factors age, cohort, 
and ι ime of mcjsurtmcnl Each factor is present 
jt ι luce levels and value of effects corresponding 
to these levels are indicated in parentheses 
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formulation, the source of the controversies 
that have arisen in connection with the ap­
plication of this design1 0·2 -*·3 1 is immediately 
evident in that although we have seven 
equations (Fig 1) relating seven unknown 
parameters (namely, the effects B, a, A, c, C, 
t, and 7") the system is not solvable since 
the equations are not independent (because 
the group values are related by the equation 
G 2 + G 3 + G 7 = G, + G., + G e = 3B + a 
+ /1 + <: + С + і + Г ) . Thus, in order to 
get a solution, it is necessary to impose ad­
ditional assumptions regarding the absence 
or equality or both of certain of the effects. 
This may, at first glance, appear to be a 
distinct disadvantage of the mixed-longitu­
dinal approach. However, the use of anv 
of the more traditional designs involves the 
implicit making of even more stringent as­
sumptions or the hopeless confounding of the 
effects included in the model Thus, the 
mixed-longitudinal approach, which forces 
the explicit recognition of the assumptions 
necessary to achieve a solution, has the ad­
vantages that can be expected to accrue 
whenever the investigator is forced to care­
fully consider the structure of his data In 
addition, equation (1) can also be used to 
obtain at least a partial validation of the 
Schaie model. In the context of the current 
example (Figure 1), this model implies as 
noted earlier that G2 + G3 + G7 = G^^ + 
G 5 -f- G a and this can be tested to see 
whether or not the additive model (1) is 
appropriate. 
It should not be concluded from Figure I 
that seven groups are necessary to use a 
model of the form of model (П Indeed, 
Schaie1 7 has suggested that the "most efficient 
design for a developmental study" consists of 
the groups G1 through G 5 . Here, since only 
two times of measurement are involved, sam­
pling attrition in the repeated measurement 
part of the study is held to a minimum3·1-'*4 
and several of these designs could, of course, 
still be "strung together" to cover a wide age 
range, using but two times of measurement 
on each of the groups. In this case, the five 
equations relate six unknown parameters 
(В, а, А, с, C, and t) so that, again, ad­
ditional assumptions must be invoked to ob­
tain a usable solution, but, if suitable control 
groups are used, the model is easily validated 
and the attendant test procedures provide 
considerable guidance toward the making of 
reasonable assumptions.17 
The use of a Schaie-type model in the 
Nymegen Growth Study4 will now be illus­
trated The structure of the design of the 
complete study, in which six cohorts are each 
studied longitudinally for a period of five 
)ears providing information relevant to the 
growth and development of Dutch children 
from 4 to 14 years of age, is shown m Figure 
2 There are, in addition to these experi­
mental groups, several control or test groups 
(denoted by Τ or 7*3 in the figuie) that are 
included so that we may be able to estimate 
possible learning or testing effects within the 
study population (those denoted by Ύ) and 
validate the application of the Scha if mixed-




Our illustration is based on a subset of 
this complete design which should be suf­
ficient to demonstrate the principles involved 
and the power of the method. We concen­
trate on but two variables, namely, gingival 
condition and caries development, as ob-
TIME 
AGE of m«Mur*nicnt 
SS η 
γ • \ \ 
1 I II III ' IV N V VI I 71 
3 \ * Ч Ни
 τ
 M uta 4 
(WO Ы 62 З Ы 65 « -67 
^ • period (rf твліиііпмпі 
Fir. 2 — Diagrjmmattc icpri'scntation of m n e d · 
longitudinal design of Nymcgcn Gtowih Stud), 
u h c i c six cohorts л с followed longitudinali) fot 
period of five )cais Symbol Τ is used 10 denote 
points at which control gioups arc compared 
with experimental groups. 
Vol SS No. ) 
'L^ J 
IMI №β2 IM3 19β4 tMK COHORT 
(o) I e ) η blrthyair 
Fir, 3 — P j i t of Nymcgen Growth StU(I\ used 
in our studv of gingival condition and canes 
development foi two cohorts and two times of 
mcasuicment G
r
 i t p r t v n t s control g roup us« ' 
to assess possible learning and time of measure 
m i n i cilects among forr expenmenta l groups 
served among the females m the study, for 
two cohorts and tno times-of measuiement 
as shown in Figure 3 Here, recalling that 
v.e can эінауь scale the effects so that the 
values of the effects corresponding to a 
particular level of the factors are all zero, н е 
have scaled the age effects —а, О and A to 
(acditate the drawing of this graph Gingival 
condition is measured on the six point scale 
devised by Pai fut ^ w Six sites in the mouth 
are examined and the mean of these scoi es 
is taken to represent the condition of the 
gingiva, rhe higher the score, the worse the 
condition Canes development is based on 
changes in the number of DMF surfaces of 
permanent teeth as observed under stan­
dardized conditions using an explorer and 
mirror 
Referring now to Figure 3, we noie that 
in this situation we have but five equations 
(one for each of the experimental groups O^ 
through G 4 and the control group, G r ) to 
be used in estimating the seven paiameters 
(Д, a, A, r, t, I, L) It is therefore necessary 
to find two additional, independent equa­
tions if we are to be able to solve this sys-
STUDY OF DEVELOPMENT 
tem, that is, we need to make two additional 
assumptions concerning the absence or equal­
ity of two of these effecr> The first may be 
reali 'jcd by assuming that the generational 
difference of just two years is too small to 
produce а л gnif cant cohort effect, that is, we 
take с =. О The second is that since ihe 
length of time the two cohorts actively par­
ticipated in ihr study was the same, the 
learning effects for the two ruhorts are 
equal, that is, L = I 
Assuming this for both gingival condition 
and caries development, the equations can be 
written as 
G l = Je 
G 2 = В - a 
G3 = В -f A + t + I 
G 4 = В + t + I 
G
r
 = fl + t 
in which the unknown parameters are ß, 
baseline value, a age effect fiom 7 5 to 9 ù 
years, 4, age effect from 9 5 to 115 years, 
/ ( = / ) , learning effect from two years' par-
ticipation in the study, and t, the ti.Tie-of-
measurement effect, that is, possible differ 
enees in being measured in 1971 as compared 
with 1973 
Then, the effects included in the model 
can be estimated by comparing the groups 
indicated below 
a compare G, and G2 
A compare G^ and О
л 
l — L compare G 4 id GT 
t compare G, and G T 
В look at Gj " 
These grouos can be готг pared in a variety 
of wd)s I he hvpotheGi* for the absence of 
these effects, for example, can be tested 
using Student's t test or Wilcoxon's two-
sample rank sum test 3 ¿ 
Results 
Fable 1 gives the means and standard 
deviations for both gingival condition and 
I ) \ f i surfaces for the five groups of girls in-
cluded in the illustration Table 2 gives the 
magnitudes of the effects and the associated 
significance levels for Student's t test for the 
significance of these effects It is seen that 
there ι-» a significant age effect for both 
gingival condition and canes development, 
and although the otner effects comprising the 
model are nonsignificant factors in canes de 
telopment, the time-of measurement and 
learning effects are highly significant in the 
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TABLE 1 
MEAN VALUES AND SD OF GINHIVAL CONDITION AND CARIES PRFIAIENCE FOR 









































































mode l for t he d e v e l o p m e n t a l changes in the 
gingival c o n d i t i o n 
D i s c u s s i o n 
C o n s i d e r i n g first t he observed p a t t e r n of 
c a n e s d e v e l o p m e n t , v.e see significant 
changes be tween 7 5 a n d 9 5 j e a r s of age 
a n d aga in betv-cen 9 5 .ind 11 5 xears of age 
N o l e a r n i n g or t ime-of-measurement effects 
a re in CMclence a n d the i n t e r p r e t a t i o n of the 
da t a is, in this case, en t i re ly s t ra ight forward 
T h e observed changes in t he g ingixa l con-
d i t i on , however , r e q u i r e a m o r e de ta i l ed dis-
cussion M i h o u g h the l e a r n i n g effect of 0 6 
po in t is r e a d i h a s c n b a b l e to the ins t ruc t ion 
received by the e x p e r i m e n t a l g r o u p d u r i n g 
the course of the s tuch , the surpr is ingly h igh 
l ime o f -measurement effect of 1 5 po in ts 
d rama t i ca l ly i l lus t ra tes the e x t e n t of the bias 
the m o r e t r ad i t iona l .designs—which con-
found this effet wi th t he age effect—may 
con ta in a n d po in t s to the power of Schaie s 
more gene ra l d e v e l o p m e n t a l mode l Faced 
with t he m a g n i t u d e of this effect, o u r at-
t en t ion was immed ia t e ly cal led to t he fact 
that different obse r \ e r s were used d u r i n g the 
m e a s u r e m e n t pe r iods , a fact t ha t o therwise 
migh t h a \ e g o n e u n n o t i c e d and , c \ e n if 
recognized, wou ld no t have a l lowed the ac 
cu ra t e assessment of the l e q u i r e d correc t ion 
factor 
W e l e i t e ra t e , for emphas is , tha t the tra 
d i t i ona l designs w o u l d have c o n f o u n d e d 
bo th the l e a r n i n g a n d time-of m e a s u r e m e n t 
effects wi th the age effect direct lv i n t e r f e r i ng · 
wi th o u r abi l i ty to s tudy the process of pri-
mary conce rn , namely , t he r e l a t i o n s h i p be 
tween g ingiva l c o n d i t i o n a n d age Yet, it 
should be no ted tha t t he factors compr i s ing 
Schaie 's d c \ e I o p m e n t a l m o d e l may not al-
ways be u n a m b i g u o u s ! } defined a n d some 
care mus t still be exercised in the in t e rp re t a -
t ion of the results o b t a i n e d l o c u e bu t o n e 
s i m p l e e x a m p l e , f luor ida t ion of the wate r 
supp ly wou ld cons t i t u t e a time-of measure-
m e n t effect for a cohor t that had been meas 
urcd previously , bu t for c o h o n s subsequen t ly 
i n t r o d u c e d in to the s tudy (pos i f l uo r ida i i on ) , 
the H u o n d a t i o n factor wou ld have to be seen 
as g iving rise to a p o t e n t i a l cohor t effect in 
analyses des igned to c o m p a r e the prei lu 
o n d a t i o n wi th the pos t f luo i ida t ion genera-
t ions I n any event , once the re levant factors 
to the process u n d e r cons ide ra t ion have been 
ΤΑΠΙ E 2 
TESTS FOR THE SIGNIFICANCE O F THE EFFECTS COMPRISING SCHAIE'S MODEL FOR 
T H E FIV F (.ROI PS OF C.IRIS Si ι ^ IN F I G U R F 3 
Efteet 
Age effect 
7 5 vs 9 5 yr 
9.5VS1I 5 v r 
Tesi effect from 
2 )r participation 
T i m e of measurement 




 vs G, 
C, vs C, 
G
r
 vs G l 



























¡Mote Λ'5, not significani 
* Αι calculated from Student ' s ιν,ο sample t test 
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identified, Schaie's model may be used to 
isolate these factors for separate study and 
to estimate the magnitudes of their effects 
Conclusions 
In studying grow th and developmental pro 
cesses in dental research \ariahles other than 
simple chronological age must often be taken 
into л(count if we are to adequately charac 
leri7e differences in the developmental pat 
terns of the groups under consideration As 
demonstrated in this article cohort, lime-of 
measurement and learning (testing) effects 
ma\ significant!) interfere with our ability to 
directly studv development if the traditional 
cross sectional and longitudinal designs are 
used Mixed longitudinal studies, with well 
scheduled control groups, may better serve 
the dental research community in (he design 
of viudies dealing with the measurement of 
change 
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A Mixed Longitudinal Data Analysis Model1 
By Martin A van't Hof,2 Machteid J Roede3 and Charles J Kowalski4 
ABSTRACT 
Most growth studies to date have been based on either cross-sectional or 
longitudinal designs despite the fact that each of these designs has well-
known shortcomings cross-sectional designs confound developmental dif­
ferences with generation (cohort) differences, and longitudinal designs 
confound developmental differences with time-of-measurement dif­
ferences A theoretically preferable approach is the mixed-longitudinal 
design, but little expenence with the data analytic aspects of such studies 
has been accumulated We develop strategies for the analysis of data 
collected in accordance with a mixed-longitudinal studv design and illus­
trate their use on several anthropometric measurements taken as part of 
the Nymegen Growth Studv Mixed-longitudinal designs can be viewed as 
a convenient combination of the cross-sectional and longitudinal ap­
proaches and, when used in conjunction with appropriate analytic tech­
niques, mixed-longitudinal designs represent at least a partial solution to 
the problems of confounding alluded to above 
While the terminology is not standard, we view mixed-longitudinal 
studies as being comprised of groups of individuals of several ages and 
cohorts, each individual being measured at regular, standardized time 
intervals of length τ (e g , every three months, annually, etc ) The value 
of τ is arbitrary, but is generally chosen so that the variables being mea­
sured during the course of the study may be expected to change during 
each such time interval Cohorts refer to groups of individuals all born 
within a certain fixed period of time which is considerably smaller than τ 
The differences in birth dates between the cohorts and the ages of the 
individuals are then conveniently chosen to be multiples of τ Within this 
general structure, several well-known special cases may be recognized If 
only one time-of-measurement is used, we have a cross-sectional design 
(Fig 1A), if only one cohort is studied, we have a longitudinal design (Fig 
IB), and if only a single age is considered, we have a time-lag design (Fig 
1С) 
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Fic 1 Several possible designs for growth studies Each dot represents a measurement 
period at the indicated combination of age, cohort and time-of-measurement 
Differences in these time components are expressed as multiples of r, the stan­
dard time interval 
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The limitations of these three designs are well-known (see, e.g., 
Prahl-Andersen and Kowalski, 1973), and mixed-longitudinal designs 
(Fig. ID) were developed expressly to circumvent the difficulties inher­
ent in each of these approaches (Schaie; 1965, 1970). Mixed-longitudinal 
designs are based on a trifactorial developmental model indexed by the 
time components A = age in years; С = cohort, defined by year of birth, 
and Τ = time-of-measurement, giving the (calendar) year that the mea­
surement was taken. The model can be written as: 
Q = I A + Ic + IT (1) 
where the quantity being measured, Q, is determined by the indepen­
dent influences of age (U), cohort (I
c
) and time-of-measurement (IT)· It 
should be noted that independence in this context means that the value of 
ΙΑ, for example, is determined only by age and not by whatever combina­
tion of values С and Τ happen to have. This, as will be discussed in more 
detail later, is despite the fact that the time components themselves are 
related by the equation С + A = Τ (Baltes, 1968). 
The trifactorial structure of this model stands in contrast to the bifacto-
rial structures of each of the more traditional models for developmental 
processes. When viewed as special cases of (1), the cross-sectional, longi­
tudinal and time-lag designs are obtained by holding one of the time 
components (T, С and A, respectively) constant and this results in the 
confounding of the two factors which remain, i.e., there is no way to 
separately estimate the contributions of the two factors to the observed 
growth curve. Thus age differences are confounded with cohort dif­
ferences in the cross-sectional design; longitudinal designs confound the 
effects of age and time-of-measurement; and time-lag designs confound 
cohort effects with time-of-measurement effects. While mixed-
longitudinal designs based on the model (1) do not completely obviate the 
problem of confounding, they can be used to provide a structure within 
which one can more reasonably approach the isolation of the contributions 
of age, cohort and time-of-measurement effects to developmental data. 
This is illustrated using data collected as part of the Nymegen Growth 
Study described in more detail below. 
M A T E R I A L S AND M E T H O D S 
Materials 
The Nymegen Growth Study is a mixed-longitudinal, interdisciplinary 
study of the growth and development of normal Dutch children based at 
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TIME 
of measurement 
1960 '61 62 '63 '64 65 66 '67 
COHORT 
FIG. 2. The design of the Nymegen Growth Study The horizontal axis gives the years of 
birth of the six cohorts (I through VI) The cohort denoted by N is used in 
combination with control groups (T and T
s
) more accurately to assess the contribu­
tions of age, cohort, time-of-measurement and testing effects to the observed 
growth patterns. Children older than 9 years are measured quarterly; younger 
children biannually. There are 20 measurement periods and the standard time 
interval, τ, is three months For ease of identification, the measurement periods 
are shown as shaded surfaces (dots in Fig. 1). 
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the University of Nymegen in The Netherlands. The structure of the 
design of the study is shown in Fig. 2. H e r e the standard time interval, т. 
is three months. There are six cohorts, all born during small t ime periods 
between 1961 and 1967, and each cohort was repeatedly measured during 
the course of the study. Twenty such repeated measurements were taken 
during the five years, 1971-1975, covering a total age range of 4-14 years, 
with some overlapping of the ages over which the various cohorts were 
followed. 
Seventeen anthropometric measurements were taken at each time-
of-measurement: stature, sitting height, four skinfold measurements, four 
bone widths, three bone circumferences, handgrip force, body weight, 
leg length (stature-sitting height) and the ratio of sitting height to stature 
(Prahl-Andersen, et al. 1972). For a detailed description of the other 
measurements taken, see Prahl-Andersen and Kowalski (1973), Mönks, et 
al. (1975) and van't Hof, et al. (1976). Here we consider only 12 of the 
available anthropometric measurements: Handgrip force was excluded 
because of a possible test effect (diminishing motivation) and the skinfold 
measurements were excluded since their average growth curves do not 
show the usual S-shaped functional form (Tanner and Whitehousc, 1962). 
In each of the other cases, a simple quadratic function proved adequate to 
fit the observed growth patterns. 
It was not possible to employ a single individual to take the an-
thropometric measurements throughout the course of the study. Three 
different individuals occupied this position; the first during measurement 
periods 1 and 2 (Feb., 1971-June, 1971); the second during periods 3-8 
(Aug., 1971-Dec., 1972) and the third during periods 9-20 (Feb., 1973-
D e c , 1975). These changes are potential time-of-measurement effects 
and will be considered further in that context below. 
Methods 
The analyses considered in this paper are based on data gathered dur-
ing measurement periods 1-18 for all six of the cohorts, covering the age 
range of 4.0 to 13.5 years (cf. Fig. 2). A quadratic function was used to 
approximate each of the average growth curves. The method of least 
squares was then employed to estimate the three constants defining the 
parabola, six cohort and three time-of-measurement effects, the latter 
corresponding to possible inter-observer differences in the measurement 
process. These effects are assumed to be additive, i.e., that the expected 
mean values E¡j of the variable for cohort i measured in period j are given 
by 
E 0 = P„ + P.f + P2f2 + C, + Tk (2) 
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Here the P's are the coefficients of time in the parabola, t is the age in 
years of the children in cohorti, C, is the effect of the t"1 cohort (i = 1,2,. . . 
6) and Tk the time-of-measurement effect attributable to observer к (h = 
1,2,3). Note that f and к are determined by t and j . 
Not all of the parameters in (2) are, however, uniquely determined. 
For example, if the set {C,, T*} is a solution, so is {C, — Δ, T^ + Δ} for 
arbitrary Δ. Therefore, as is generally the case in procedures related to 
the analysis of variance, it is necessary to £ix the levels of {C,} and {T^}. 
Thus, we introduce the side conditions Σ С,· = 0 which expresses the 
influence of each cohort relative to the mean of the cohort influences and, 
for convenience, T3 = 0. Note that setting T3 = 0 does not imply that we 
assumed the third observer made no systematic measurement errors. 
This choice was made simply to aid us in the interpretation of the final 
results: By setting T3 = 0, the effects T! and T2 are then differences 
between observers 1 and 3 and 2 and 3 respectively. 
This model may be written in matrix notation as у = Dr + с with side 
conditions Sx = 0 where y is the (column) vector of observed mean values; 
D is the design matrix, χ is the vector of parameters to be estimated; с is the 
vector of random deviations from the linear model due to biological differ­
ences between the children and random measurement error; and S is the 
matrix expressing the side conditions on the elements of ж. In our particular 
application, we arranged the 82 mean values comprising у in the following 
order (cf.. Fig. 2): 
9 values for cohort VI for the odd periods 
9 values for cohort V for the even periods 
14 values for cohort IV for periods 1,3,5,7,9-18 
14 values for cohort III for periods 2,4,6,8,9-18 
18 values for cohort II for each period 
18 values for cohort I for each period 
1 is then the (column) vector (Ci, C2, C3, G,, Cj, Се, Ть T2, Po, Pi, P2) and 
S reduces to the 1 x 1 1 matrix (1, 1, 1, 1, 1, 1, 0, 0, 0, 0, 0) so that we get 
e 
,?, Cj = 0. The dimensions of D are determined by the dimensions oft/ 
and x. Hence D is an 82 X 11 matrix (Table 1). Quarters of a year were 
chosen as the time unit, permitting us to work with integral ages. 
The method of least squares can now be used to estimate the parame­
ter vector x. This is done by solving the so-called normal equations DTDx 
= DT!/ for χ subject to the condition Sx = 0. Here D T denotes the trans­
pose of the matrix D and an algorithm which may be used to solve for χ is 
sketched in Fig. 3. 
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Table 1 
Schematic representation of the 82 X l i design matrix f or the Xymegen 
Growth Study Mц denotes the mean for cohort ι at the jth time-of-
measurement Biank entries are to he read as zeros Column 11 is the 
square of column 10, the age in quarters of a year relative to the age 
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 τ Cov(î)= Σ Cov(z, γ,)» I z;cov(Y,)ζ, 
Ici 1 = 1 ' 
F I G 3 Schematic representation of the solution of the normal equations and the compu­
tation of Cov(i) D
s
 denotes the 83 x 11 matrix obtained by making the S the W 
row of the design matrix D In the solution i = Zi/, y can be split into vectors yt, 
each representing a cohort With a corresponding split of Ζ into Z,'s, the solution is 
χ = ΣΖ,ι/, with uncorrelated summands Cov(i) can then be obtained from Cov(y,) 
as indicated 
x is then an unbiased estimator of χ (SchefFé, 1959), but the other 
well-known properties of least squares estimators based on independent 
samples may not hold in our application where we have the repeated 
measurement structure of the design to contend with. In any event, the 
properties off as an estimator of ι may be discovered by studying the 
covariance matrix, Cov(x), off and a way to compute this is also outlined 
in Fig. 3. In particular, the standard error, SE (χ „), of each component ofx 
can be calculated by taking the square root of the corresponding main 
diagonal element of Cov(x). 
* Scheffé, 1959 section 1.3 
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FIG. 4. Mean values for the stature of boys from the six cohorts of the Nymegen Growth 
Study. The continuous line is the overall growth curve. No cohort or time-of-
measurement effects were significant. 
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RESULTS 
The analysis described above was applied to 12 of the available an-
thropometric measurements for boys and girls separately. All analyses 
were performed on complete sets of data. Incidental missing values were 
estimated using regression techniques and children with more than three 
'—ι 1 1 1 1 1 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 
A 5 6 7 β 9 tO 11 12 13 14 
age(years) 
Fie. 5 Mean values for the elbow width (bicondular humerus) of girls from the six cohorts 
of the Nymegen Growth Study The continuous line is the overall growth curve 
adjusted for cohort and time-of-measurement effects which, in this case, are obvi­
ously present 
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missing observations were excluded from the analysis. Examples of the 
estimated growth curves are presented in Figs. 4 and 5. No cohort or 
time-of-measurement effects are apparent in the data for boys' stature 
(Fig. 4). On the other hand, when the data for the width of the elbow in 
girls are considered, significant cohort and time-of-measurement effects 
are present (Fig. 5). The test for the significance of any component χ
 n
 off 




) which, under 
the null hypothesis H0:Xn = 0, has an approximate standard normal 
distribution. 
In order to judge the goodness-of-fit of the model to the data in each 
instance, the observed mean values Мц were compared with the values 
predicted by the model, Ец. The difference between these was expressed 
relative to the estimated standard error, SE (Μ
υ
) being based only on the 
observations of cohort t during period j , and the average deviation 
{ [ Σ ( Μ „ - ÉJ/SE2 (M.j) ]/82}"2 
и 
was computed as a measure of this goodness-of-fit. In one case (the width 
of the elbow for boys) this average deviation was 1.5 standard errors and 
this was considered an unacceptable fit. In each of the remaining 23 cases, 
the average deviation was in the range 0.5-1.0 standard errors, which we 
considered completely acceptable. This tends to indicate that further 
refinements of the model are unnecessary for most of the variables con­
sidered in our study and that a quadratic function provides an adequate 
representation of the growth curves over the age span considered. Put 
another way, these tests for goodness-of-fit support our earlier arguments 
advanced to defend our choice of the parameter vector χ in the context of 
the mixed-longitudinal design incorporating both cohort and time-of-
measurement effects.* 
DISCUSSION 
The obvious way to synthesize the informational content of mixed-
longitudinal data sets is to construct average growth curves over the 
entire age range, combining the measurements from all the cohorts. The 
interpretation of such average curves may be difficult, however, due to 
the possible disturbing influences of cohort and time-of-measurement 
effects. While the tests described in this paper can be used to check on 
the significance of these effects, considerable confusion—and 
controversy—^apparently still exists as to whether or not one may legiti­
mately infer that biological and/or environmental components of variance 
* see Appendix: Note 2 
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FIG 6 Average growth curves for a fictitious mixed-longitudinal growth study The ages 
and times-of-measurement for the three cohorts are shown in A, together with a 
smooth, monotonically increasing growth curve В shows a time-of-measurement 
effect in 1974 С depicts cohort effects Combinations of these effects are illus­
trated in D 
are indeed isolated by the mixed-longitudinal approach (Buss, 1973). The 
basic problem seems to lie in recognizing that despite the fact that the 
time components are related by the equation С + A = T, the influences of 
each on the developmental process can still be mutually independent. To 
see this, it may be helpful to define and illustrate these influences in turn: 
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1. Age differences produce differences in the observed quantity due to 
differences in maturation and development. Age differences thus deter­
mine the true growth curve (Fig. 6A) and are the prime objects of in­
ference in growth studies; 2. Individuals of the same age but from dif­
ferent cohorts may have different long-term environmental histories 
which could also cause differences in the observed quantity (Fig. 6C). In 
anthropometric studies, cohort differences are generally referred to in the 
context of secular trend; 3. Temporary environmental conditions can also 
influence the observed variable for individuals from all cohorts and there­
fore also of all ages, leading to time-of-measurement differences (Fig. 6B). 
Anthropometric measurements might be influenced, for example, by 
epidemics, seasonal fluctuations or temporary nutritional deficiencies. 
Most often, however, time-of-measurement effects are due to changes in 
instruments, methods or inter-observer variability caused by successive 
observers. Combinations of these influences may also occur (Fig. 6D). 
The point of these examples is to emphasize the inherent indepen­
dence of the influences I A , I c and IT on the observed course of growth. 
The power of the mixed-longitudinal approach is that all are included in 
the model and may be estimated using the methods developed in this 
paper. This is not to say that mixed-longitudinal designs completely solve 
the problems associated with confounding but, rather, that the problems 
that remain are less critical than those already noted for the cross-
sectional, longitudinal and time-lag designs. 
To clarify this. Fig. 7 presents an example of a mixed-longitudinal 
design with four ages, three cohorts and two times-of-measurement. An 
additive model is assumed, each of the six mean values being a simple 
sum of the effects produced by the different levels of the factors А, С and 
Τ (Fig. 7A). In Fig. 7B, fictitious values are assigned to each of these six 
mean values. Figs. 7C and 7D illustrate two distinct ways in which the 
assumed additive model could have given rise to these values. The in­
terpretations are quite different: Fig. 7C reflects an increase with age 
while Fig. 7D shows the age effects decreasing with age. That this can 
happen is a result of the fact that the three time components cannot be 
varied independently due to the relationship С + A = Τ and implies that 
additional a priori information must be incorporated into the analysis if we 
are to obtain a unique solution of the equations specifying the model (cf. 
van't Hof, et al. 1976). Thus in the examples considered previously, we 
reduced the size of the parameter vector by assuming that only three 
time-of-measurement effects were of potential importance and that the age 
effects could be described by a polynomial. 
This problem is not as serious as it would have been if one of the more 
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FIG 7 An example of an additive model with age, cohort and time-of-measurement 
effects Numbers or symbols enclosed in parentheses are used to denote the 
effects С and D represent two distinct ways the observations in В can be inter­
preted, both in accordance with the model specified in A 
traditional designs were employed. As noted earlier, for example, in a 
cross-sectional study the only way we can attempt to characterize the age 
effects is first to assume that the cohort effects are zero. The use of the 
trifactorial model permits the making of far less stringent assumptions and 
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one can also obtain separate estimates of the effects of age, cohort and 
time-of-measurement 
Received 13 July 1976 
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CONSTRUCTION OF GROWTH STANDARD FROM MIXED-LONGITUDINAL DATA 
by 
Martin A. van 't Hof and Charles J. Kowalski 
ABSTRACT 
Standards for the growth and development of children are gene­
rally presented in the form of an average growth curve together 
with some measure of variability, such as the standard deviation 
or percentile rankings, about the curve. Such standards may be 
constructed from either cross-sectional, longitudinal or mixed-
longitudinal data. Although the mixed-longitudinal approach has 
definite theoretical advantages, several problems dealing with 
correcting the resulting standards for possible cohort and/or 
time-of-measurement effects asrise in practice. In particular, 
the strategy of linking together longitudinal sequences from 
cohorts overlapping in age presents the problem of smoothing 
the growth curve and the corresponding percentile curves at 
the points of juncture of neighboring cohorts. This paper 
describes a method for generating smoothed standard deviation 
curves as a function of age, correcting for cohort differences. 
The procedure is applied to data collected as part of Nymegen 
Growth Study. Assuming normality, these standard deviations are 
then used to obtain the corresponding percentile curves and an 
example of a smoothed growth standard is presented along with 
the 3rd, 10th, 25th, 50th, 75th, 90th and 97th percentile limits. 
Mixed-longitudinal studies can be viewed as a convenient combina­
tion of the (purely) cross-sectional and longitudinal approaches 
(Prahl-Andersen and Kowalski, 1973). The basic strategy consists 
of taking a sample of individuals at age aj and observing the 
same individuals for a specified number of years (y), then taking 
another sample at 32 years of age (ai<a2<ai+y) and observing them 
for y years, etc. The study can then be completed in y years' 
time and provides estimates of the average growth curves in the 





 + у). These segments may then be combined to obtain the 
average growth curves over the entire period (aj, a
c
 + y). Thus 
the design can be used to study growth over a relatively wide 
age range within a relatively short time span (Bell, 1953). In 
addition, the overlapping of the longitudinal sequences presents 
an opportunity to test and correct the average growth curves for 
possible cohort and/or time-of-measurement effects (van 't Hof, 
et^ .al^ , 1977). However, when one turns to the construction of 
growth standards, one must also face the problem of correcting 
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the corresponding standard deviations and/or percentile curves. 
The situation is illustrated using a fictitious example in 
Figure 1 where the means and standard deviations for three co­
horts are plotted against age. The strategy of taking a simple 
average of the curves for each of the cohorts, even in the 
absence of significant cohort differences, would produce 
spurious "knobs" in the curves at those ages where the observation 
on the cohorts either begins or ends (ages А, В, С and D in Fig.l). 
anthropometric 
variable 
Fig.1 : A typical example of average growth curves and correspon­
ding standard deviations from a mixed-longitudinal 
study with three cohorts. Even in the absence of signi­
ficant cohort differences, the estimates of these para­
meters will differ and this causes spurious "knobs" in 
the curves at the points А, В, С and D if simple 
averaging is used. 
A technique for smoothing the average growth curves was described 
in a recent paper (van 't Hof, et^al, 1977). The purpose of the 
present paper is to extend these results for use in smoothing 
the corresponding standard deviations. The two techniques, 
taken together, then form the basis for constructing growth stan­
dards. Their use is illustrated using data collected as part of 
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MATERIALS AND METHODS 
Materials 
The Nymegen Growth Study is a mixed-longitudinal, interdisciplina­
ry study of the growth and development of normal Dutch children 
(Prahl-Andersen and Kowalski, 1973). There are six birth cohorts, 
each of which were born within narrow time limits between 1961 
and 1967. Each cohort was measured at regular time intervals 
throughout the course of the study. Twenty such repeated measure­
ments were taken over the five-year period 1971-1975 producing 
total coverage from 4-14 years of age with some overlapping of 
the ages over which the cohorts were followed. The measurement 
battery consisted of some 175 psychological (Monks, .et^ jl.» 1975), 
dental (van 't Hof, et.al_, 1976) and anthropometric (Prahl-
Andersen, е£.£І^ 1972) variables together with several sociologi­
cal inventoriés designed to assess the general and within-family 
environment of each of the study's participants (Prahl-Andersen 
and Kowalski, 1973). Here we concentrate on the anthropometric 
measurements: Of the 17 total anthropometric measurements taken, 
12 could be considered to be normally distributed at each age, 
viz., stature, sitting height, four bone widths, three bone cir-
cumferences, leg length (stature minus sitting height) and the 
ratio of sitting height to stature. Only these will be considered 
in this paper since the technique described depends on the nor-
mality assumption in deriving the percentiles from the observed 
standard deviations (Healy, 1974). 
Only children with a complete series of observations are included 
in the analyses described. Incidental missing data were estimated 
by multiple regression techniques using neighboring periods of 
measurement; children presenting data too sparse for the realistic 
employment of these techniques were simply excluded from the 
sample. The data from boys and girls are treated separately. 
Methods 
Under the assumption of normality, the usual estimates of the 
mean and standard deviation are stochastically independent (e.g. 
Healy, 1974; Kowalski, 1972). This fact allows us to estimate the 
average growth curves and the corresponding standard deviations 
separately at each age (Kowalski and Guire, 1974). The average 
growth curves are calculated using the model and techniques des-
cribed in van 't Hof, et^ .a^ , (1977). The model views growth as a 
function of age, cohort and time-of-measurement and, in this 
application, there are six cohort effects, three time-of-measure-
ment effects and the effects of age are assumed to be adequately 
described by a third degree polynomial. The problem of estimating 
the corresponding standard deviations may be approached in a 
similar manner. A relatively simple function of age is assumed, 
with each cohort having its own effect. The parameters thus 
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defined are then estimated using the method of least squares 
where the differences between the observed and estimated varian­
ces are assumed to be proportional to the magnitude of the 
variances. This leads to the use of logarithms and the model may 
be specified by 
1п(з£(1^) » С£ + ait + a2t2 + ast3 (1) 
where In denotes the natural logarithm; S£(t) is the observed 
standard deviation for cohort i, i - 1, 2,..., 6 at age t; 
c^  is the natural logarithm of the effect of cohort i at t = 0; 
and the a's specify the effect of age as a third degree polynomial. 
The choice of origin for the age axis does not affect the form 
of the curve and, for convenience, we have chose t = 0 to corres-
pond to an age of nine years. Each of the cohorts were measured 
near this age and choosing that point for the origin facilitates 
the interpretation of the c^. 
The nine parameters (ci, сг, сз, сц, es, eg, aj, аг, аз) compris­
ing the model are estimated by least squares by minimizing 
Σ TlnCsiCt)) - (ci + ait + a2t2+ ast3)] 2 (2) 
i,t L _ -I 
where the sum is taken over all 92 combinations of i and t. 
A measure of the goodness-of-fit of the model (1) is given by the 
average deviation, 3, defined as the square root of the total sum 
of squares (2), divided by the total number of summands ("92). 
δ may be interpreted as the average of the relative discrepancies, 
Δ, between the observed (sz) and fitted (s2) variances since 
Δ = ln(s2) - ln(s2) = ln(s2/s2) = ln(l + (s2 - s2)/s2)=(s2-s2)/s2 
by well-known properties of logarithms. However, since there are 
no statistical goodness-of-fit tests on the basis of S, this para­
meter must be regarded as purely descriptive. 
The quantity ехр(с£) can be considered as the smoothed estimate of 
the variance at t = 0 for cohort i. In order to estimate the varian­
ce, S2, at t = 0 we pool the six cohort variances, obtaining 
S2 = Em.exp(c.)/M (3) 
i 




The variance as function of age, s2(t), is then 
s
2(t) = 52ехр(а^ + a2t2 + ast3) (4) 
with M degrees of freedom. 
The homogeneity of the six variances may be tested by Bartlett's 
χ
2
 test, assuming normality at each age. The test statistic 
В - |М In (S2) - Епьс^ / Q (5) 
has aproxiiûately a χ distribution with к - 1 (=5) degrees of 
freedom in the case of homoscedasticity. Here к = number of cohorts 
studie d and 
Q = 1 + |zl/m. - 1/M| / 3(k - 1) 
Note that the conditions for Bartlett's χ2 test are not completely 
fulfilled since the c^  are simultaneously estimated and are conse­
quently not totally independent of each other. Therefore this test 
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may only be considered as an indicator for possible differences 
between the cohorts. However, the approach of applying Bartlett's 
χ
2
 test on only the S£ at an age where all cohorts are measured 
cannot be used since in this case such an age is not available. 
Finally, by means of the estimated age function (A) for the va­
riance s2(t) and the estimated average growth curve g(t), the 
population growth standards are computed at the 3rd, 10th, 25th, 
50th, 75th, 90th and 97th percentiles following the method of 
Healy (1974) : 
g(t) + 1.88s(t) for the 3rd and 97th 
g(t) ± 1.28s(t) for the 10th and 90th 
g(t) ± 0.67s(t) for the 25th and 75th 
and s(t), the average growth curve for the 50th percentile. The 
constants used above were obtained from the standard normal dis­
tribution since, in our application, the degrees of freedom of 
s
2(t) are sufficiently large, viz., 187 - 6 = 181 for boys and 
220 - 6 = 214 for girls and we are assuming that the anthropoire-
tric quantities are normally distributed at each age. Note that 
the extreme percentiles may be less accurate when using this 
method. 
RESULTS 
Table 1 provides the results for the goodness-of-fit of the model 
(1) to the data and Bartlett's test for homogeneity of the cohort 
variances for each of the anthropometric measurements considered. 
The parameter 1002, the average percentage discrepancy between 
the observed and fitted variances, is used to judge the goodness-
of-f it. The value of the chi-squared statistic (5) may be compared 
with the chi-squared distribution with five degrees of freedom and 
the variables for which the homoscedasticity hypothesis is rejected 
at the 5% level of significance are indicated by asterisks. Me 
should also note here that while the c^'s depend on the choice of 
origin for the age axis, the value of Bartlett's χ 2 statistic (5) 
is independent of this choice. This result can be proved as 
follows: Suppose s^Ct) • exp(c')f(t). (In our application, we 
are assuming f(t) » expiait + a2t2 + a-¡t3), but the result holds 
for general f(t) and so the proof is presented in this more general 
context). The pooled variance s2(t) at age t is then given by 
s2(t) = Emiexp(ci)f(t)/M = f(t)Zmiexp(ci)/M 
and Bartlett's test statistic, B(t), as a function of age is 
B(t) = [M In f(t) + M ln(ïmiexp(ci)/M)-Emici - ςΠ^ In f(t)]/ Q 
= fi 1п(Ет£ехр(с£)/М - ïm^^j I Q. 
This is independent of t which proves the value of the chi-squared 
statistic is independent of the age at which the test is done and 








































































































Table 1 : Percentage average deviation in variance 
(1002) as parameter for the goodness-of-
fit and the χ? value for Bartlett's test 
for homogenity of variances of the six 
cohorts. 
» = significant χ2 value at 0.05 level. 
5 
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Table 2 shows the actual values of the standard deviations of 
the variables with significantly different cohort variances 
(c.f. Table 1). Boys and girls are considered separately and the 
birth dates of the six cohorts and the corresponding sample sizes 















































































Table 2 : The estimated standard deviations at age 9.0 years for all 
cohorts. Only variables which show significant differences 
between the variances (see Table 1) are represented. The 
cohorts are indicate by their birth-period. The column 
marked with 'n' shows the sample sizes of the cohorts. 
The growth standard for the sitting height of boys is illustrated in 
Figure 2. The average growth curve, g(t) is shown along with the 
smoothed percentile curves. Since the purpose of the present paper 
is to describe the method for producing such standards, and not to 
act as a forum for the presentation of the standards per se, we limit 
this discussion to include but this single example. It is, however, 
typical of the results obtained for all of the anthropometric quanti­
ties considered. 
DISCUSSION 
From Table 1 it can be seen that the average percentage deviation 
between the observed and fitted variances ranges from 8.0 to 19.7%. 
The magnitudes of these discrepancies may easily be accounted for on 
the basis of measurement error and/or temporary fluctuations from 
individual growth patterns due to, for example, catch-up. Since, 
in every case, these deviations are less than 20% of the total va­
riance, this implies that the model (1) provides a reasonably close 
fit to the data for each of the measurements considered. 
While the model used for smoothing the average growth curve (van 't 
Hof, e£.al^ 1977) had to incorporate both cohort and time-of-measure-
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Fig. 2 : The growth standard for the sitting height of boys, show­
ing the 3rd, 10th, 25th, 50th (the mean growth curve), 
75th, 90th and 97th percentiles. The percentile curves 
are calculated from the standard deviations of the six 
cohorts, adjusting for cohort effects and smoothed by a 
third degree polynomial after a logarithmic transforma­
tion. 
latter of these effects would appear to be less critical in the case 
of smoothing the corresponding standard deviations and the simpler 
model (1) has proved adequate in practice. Should situations arise 
in which it is necessary to also correct the standard deviations for 
time-of-measurement effects, such effects can of course be included 
in the model (van 't Hof, .et.al, 1977) and the corresponding para­
meters estimated by least squares. 
The test for homoscedasticity is seen to be significant at the 5% 
level of significance in 6 of the 24 tests performed. This implies 
that variables do exist for which the cohort variances are different; 
but an inspection of Table 2 reveals no trend in these differences 
with year of birth. Indeed, only the boys from the nov/dec 1966 
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cohort and the girls from the feb/mar 1967 cohort appear to be 
somewhat out of line with the other groups studies. Since the 
goodness-of-fit of the model to the data is still reasonably good 
for the variables involved, and since the corresponding percen­
tile tracks do not appear to be "over-smoothed" vis-a-vis the raw 
data, the observed cohort differences cannot be explained by in­
adequacies of the model. However, when cohort differences exist, 
especially differences exhibiting a distinct trend with year of 
birth, smoothing has little to recommend it and separate standards 
for each of the cohorts may be required. While the model described 
in this paper has proved adequate in the context of the Nymegen 
Growth Study, other situations may call for other approaches 
(Kowalski, 1972). In any event, mixed-longitudinal designs provide 
considerable flexibility for accomodating a priori knowledge into 
the structure of the model and for testing the effects of 
variables other than simple chronological age on the observed 
course of growth; and the method described in this paper should 
prove useful in deriving growth standards from studies based on 
such designs. 
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by 
M.A.van't Hof, S.H.J.Veling and C.J.Kowalski, 
ABSTRACT 
Аз more complex, computer-oriented studies of growth 
and development are undertaken, it becomes increasingly 
important that investigators comtemplating the 
initiation of such studies are aware of some of the 
data processing problems they are likely to encounter. 
The present paper discusses some of these problems in 
the context of multidisciplinary, mixed-longitudinal 
growth studies and the solutions implemented in the 
Nymegen Growth Study are documented. 
Introduction 
It is generally acknowledged that the primary aim of 
developmental research Is the accurate identification 
and description of developmental change. This entails 
the study of both intra-indivldual (within-person) 
change and of inter-individual (between-person) 
differences in 
Perhaps the most 
is what may be 
intra-individual change patterns. 
efficacious approach to such questions 
called a mixed longitudinal (12) or 
linked cross-sectional (13) study design. While the 
terminology is not standard, such studies are comprised 
of groups of individuals of several ages and cohorts, 
each individual being measured at regular time 
Intervals. The basic strategy consists of taking a 
sample of individuals of age al and observing them for 
a specified number у of years, another sample at age a2 
(a1<a2<a1+y) and 
study can then 
observing them for у years, etc. The 
be completed in у years' time and 
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includes an overall age range longer than y years. Thus 
the design represents a compromise between the 
classical (purely) cross-sectional and (purely) 
longitudinal designs, each of which - when applied in 
isolation - has well-known shortcomings (1). In view of 
these shortcomings, and now that the theoretical basis 
of the mixed longitudinal approach has been adequately 
documented (14,15,19,21) one might well expect more 
studies of development to be based on this design (Θ) 
but, to date, little experience with the data 
processing aspects of such studies has been 
accumulated. The purpose of the present paper is to set 
out some of the data processing problems peculiar to 
this class of designs, and to discuss proposals for 
their solution in the context of the Nymegen Growth 
Study, a mixed-longitudinal, multidisciplinary study of 
the growth and development of normal Dutch children 
between 4-1M years of age (6,12). We begin with a 
general discussion of data processing in survey studies 
and then particularize the notions introduced to the 
case of mixed-longitudinal designs. * 
Data Processing in Survey Studies. 
The design of a data processing system for a particular 
study depends in the first instance on the mode of data 
collection and the structure of the available computing 
facilities. Figure 1 is a flowchart where some of the 
most important- characteristics of a data processing 
system arr illustrated. We may then discuss the 
requirements of efficient data processing systems for 
survey studies by specifying criteria for the actions 
of each of the arrows in the illustration and the 
contents of each file. 
The tasks that the system is designed to accomplish may 
be roughly divided into two groups: data editing and 
data analysis. Its effectiveness depends on the 
existence of adquate software for these purposes (3), 
turn-around time for problems which may well involve 
the running of several programs in succession, and user 
control of the system. Given these constraints and the 
requirements of the study being planned, one must first 
decide on whether to use an existing general system or 
to develop a special study oriented data processing 
system. The main advantages of the former approach are 
obvious, but for complex studies, particularly those 
involving a repeated measurements structure, the 
disadvantages over time may be considerable: general 
systems rarely provide the degree of flexibility 
necessary to accomodate special purpose tasks. Even if 
a general system is flexible, the user will be required 
to detail a large amount of information, causing an 
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overhead of work and increasing the likelihood of 
errors. While study-oriented systems may require a 
relatively large Initial expenditure for the design, 
programming and debugging of the system, the effort may 
well pay dividends in terras of developing a system 
which is easier to use, more efficient, more reliable 
and, importantly, tailor-made to the stated objectives 
of the study. 
observat ions 
(eg forms) 









(eg topes ) 
permanent data and 
system information 
teg disk) 
temporary se'ected date 
(eg disk) 
analysis and 
dotat ranslorr - -tion 
analysis results 
(eg prints ) 
Fig.1 Flow chart for a data processing system in survey 
studies· Observations provide machine readable 
input data. Update programs check the input data 
and write it to the permanent data files. Later 
on data, quality programs lead to new input data. 
Back up programs and files are necessary for 
security. Data analysis is carried out on 
selected data files, sometimes leading to new 
variables (e.g. factor scores, residuals) being 
part of the permanent data files. 
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The Nyœegen Growth Study 
The study sample was comprised of six cohorts, all with 
birth dates between 1961 and 1967, with 232 boys and 
25M girls originally agreeing to participate. The final 
drop-out rate was 12.59. Repeated measurements were 
taken over the five-year period 1971-75, covering the 
age range from Ί-14 years. Children older than nine 
years were generally measured four times a year; 
younger children twice a year. Certain variables (e.g., 
those derived from x-rays) however were measured less 
frequently, regardless of age. The total measurement 
battery included approximately 150 different 
anthropometric (11), dental (17) and psychological (6) 
quantities. In addition, a series of socio-logical 
inventories were taken in 1972, 1974 and 1975. Each 
family participating in the study filled out the 
questionnaires containing 2000 scores on 900 different 
items. When receded and/or transformed data are added, 
the total number of measurements recorded per 
'individual' was up to 9200. Faced with the magnituiie 
of the observation vectors and the fact that a very 
flexible updating system would be needed to accomodate 
the varying measurement and preprocessing schedules of 
the several disciplines involved in the study it was 
all but mandatory that we develop a study-specific 
system. None of the existing general packages such as 
SPSS (9) or Goldstein's (5) longitudinal data analysis 
system were adequate to handle the special problems 
associated with the more complex structure of the 
mixed-longitudinal design. The longitudinal sequences 
making up the design also required that special 
attention be paid to missing data: since several 
existing multivariate analysis programs operate only on 
complete sets of data, ignoring cases that contain any 
missing observations, we needed a special system that 
would allow us to update the observation vectors to 
include temporary estimated values at selected time 
points, along with some facility for monitoring the 
pattern of missing data points. In the following 
sections we describe the system developed to handle 
these problems in somewhat more detail. 
Data and System Files. 
The system operates on the IBM 370/15B computer housed 
at U.R.C., the Computing Center of the University of 
Nymegen. All files are permanently stored on disk and 
each data file has four back-up copies recorded on 
magnetic tape. The very size of the observation vectors 
vis-a-vis the efficient utilization of the available 
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Fig.2 Existing permanent files in the Nymegen Growth 
Study. Arrows represent the dependency of one 
data file upon another. The Horizontal length of 
the data files indicates the number of 
participants (usually И 6). 
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varying time schedules. This, as mentioned earlier, 
requires a flexible update and data control system. The 
file increased in size as the process of data 
collection continued and when all of the twenty 
measurement periods were completed, it contained all 
the values of the repeated measurements on these 
variables for each child. A separate file was utilized 
to store these observations after augmentation by 
estimates of missing data points. This allows one to 
easily distinguish between directly observed and 
estimated values and to contrast the results of 
analyses based on different strategies for the 
incorporation of estimates of missing data. 
The longitudinal subscores file (Figure 2) contains 
bone maturity scores for the computation of skeletal 
age and dental jaturity scores for the computation of 
dental age. These scores are necessary for longitudinal 
data quality conrol as well as to provide an 
alternative, biologically meaningful time structure to 
the repeated measurements (12). A separate file is used 
because the x-rays from which these measurements are 
made are only taken twice a year (ten records per 
child). There are programs to check the input data and 
to calculate both the maturity scores and the 
corresponding biological ages which are then merged 
into the longitudinal data file. The data file 
containing 'personal constants', (Figure 2) is 
reserved for unique, personal history data such as 
special circumstances surrounding the birth of the 
child, his/her medical history, data concerning 
socio-economic status, etc. These data are used mainly 
in conjunction with the definition of subgroups 
requiring separate analysis in the context of 
developmental processes. The corresponding cases in the 
subgroups are then selected for input into analysis 
programs often using the information of this file. 
A large amount of data is accumulated from the three 
sociological questionnaires, these being designed to 
describe the environmental status of the children 
participating in the study. There are several item 
lists from which factor scores, item sums, etc. may be 
calculated. Such factor scores are appended to other 
data files. A separate file is devoted to the 
longitudinal aspects of parental attitudes as assessed 
by the instruments used. The data collection phase of 
this part of the study was facilitated by the use of an 
Optical Mark Reader (OMR). The OMR forms were completed 
by the parents under the supervision of a trained 
interviewer. Technical details may be found in van 't 
Hof, et.al. (16). 
The last separate data file shown in Figure 2 contains 
information collected from several test or control 
groups, these being used both for the validation of 
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Special features of the System 
The system developed for use in the Nymegen Growth 
Study - as we expect would be the case for any study of 
development in the mixed longitudinal mode - is not a 
static entity, but rather a set of features which are 
adapted to the circumstances prevailing at any 
particular point of the study. This kind of flexibility 
may be considered an especially important property of 
the system and was our primary consideration in 
deciding to develop a study-oriented data processing 
system. 
While other studies would, of course, present their 
own, unique data processing requirements, we would 
expect on the basis of our experience, that the 
approach to segmenting data files described above - as 
well as many of the special features to be discussed 
here - would be worthy of consideration in this class 
of studies generally. The main features of the system 
are described in turn in the following sections. 
Data Collection and Updating 
The multidisciplinary structure of the study presented 
the problem of having to deal with an essentially 
'random' input data stream. Different groups were 
responsible for the collection and for pre-processing 
of different portions of the measurement battery and so 
the strategy of updating the file en bloc at regular 
periods would have tied progress to the timetable of 
the most tardy contributors. Since, at each period of 
measurement, extensive data quality control and 
potentially valuable cross-sectional analyses had to be 
performed as efficaciously as possible, an alternative 
solution was all but mandatory. The one adapted 
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involved the use of a direct access file (c.f. the 
programmer's guide to the IBM OS FORTRAN IV compiler) 
which allows the user to point directly to a given set 
of records and to use unformatted records. The 
unformatted records consisted of half-word fields which 
were initiated by setting all variate values to 9999, 
the code for missing data. A program called DATATEST 
was then used to read new data from either punched 
cards or paper tapes. In order to retrieve the records 
for a particular child for updating, we used a five 
digit identification number consisting of birth year 
after I960 (first digit) birth day in mllliyears (next 
three digits) and sex (the final digit). While this 
proved workable, the possibility for error proved to be 
substantial and the use of an error-detecting or 
correcting code (10) would have been preferable. 
In addition to avoiding errors associated with the 
retrieval of inappropriate records for updating, a 
number of 'book-keeping' activities are necessary for 
the safe and efficient use of this updating schema. It 
is especially important to monitor missing data and, 
for this purpose, a special program called ABSENT was 
written. The program displays the code numbers of 
children who were in attendence at a given 
time-of-measurement but who failed to complete the 
entire measurement procedure as well as the code 
numbers of children who missed a measurement period 
and/or dropped out of the study. But even when the data 
have been correctly updated and the total number of 
missing data points is known, most analysis procedures 
for mixed-longitudinal data sets require information 
concerning the pattern of missing data by age and 
cohort. For this purpose, the program FRESCO (frequency 
of scores) was written. The output is essentially a 
150*6x2x20 matrix (variable times cohort times sex 
tines tlme-of-measurement) containing the required 
information. 
We might also briefly mention here several programs 
whose essential task is to keep the system operating. 
The most important of these are CODEBOOK, NEWVAR and 
BACKUP. The first of these provides a list of the 
labels and codenames for all variables, together with 
information concerning the range, reliability, etc. of 
each. NEWVAR adds new variables to the system and may 
be used to augment both data and system files. BACKUP 
copies data files from disk to magnetic tape. 
Data Quality Control 
Since mixed longitudinal datasets are comprised of 
linked longitudinal segments, data quality control is 
of special importance. This is due to the fact that 
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within individual differences are generally more subtle 
than the between-group differences associated with 
purely cross-sectional comparisons. On the other hand, 
this very property of longitudinal sequences can often 
be used to advantage in detecting gross errors. 
Similarly, the overlapping of cohorts peculiar to the 
mixed-longitudinal approach presents several 
opportunities for checking on the accuracy of the 
recorded data. In any event, the basic requirements of 
any data quality control system include the 
identification of suspected values by use of a fixed 
set of algorithms and deciding on an appropriate 
action. While the available actions must clearly 
include re-measuring, rejecting, estimating and even 
maintaining the suspected value, and while a variety of 
algorithms have been employed in data quality control 
(7), no real consensus on which of the available 
approaches is 'optimal' is in evidence. Indeed, no real 
consensus on exactly what we mean by data quality has 
been reached. Thus study-oriented data quality control 
systems are necessarily - and properly - influenced by 
the requirements of the study, the experience of those 
involved in the study and by special considerations, 
and/or constaints imposed by the study design. In the 
Nymegen Growth Study, four programs were developed to 
deal with these problems, viz., INCREM, RESIDUE, 
CORRECT and DATAGEN. 
INCREM calculates individual differences in the values 
of a specified variable between specified 
tiraes-of-measurement. The value of the increment is 
flagged whenever it is outside of a predetermined 
tolerance interval. For many of the measurements, the 
left end of the tolerance interval was fixed at zero, 
corresponding to the notion that growth is 
monotonically non-decreasing, but general rules 
difficult to give. Similarly, when the tolerance 
exceeded one may Infer that at least one of the two 
values from which the increment was calculated is 
suspect, but the decision as to which (if any) is 
actually an outlier can be difficult. 
For additional information concerning the use of 
increments and a procedure for smoothing individual 
growth velocity curves, see van 't Hof, et.al. (18). 
RESIDUE computes the best fitting polynomial of 
specified degree for a specified variable as a function 
of age for individual children. The observation with 
the largest residual (difference between the observed 
value and that predicted by the polynomial) is then 
excluded and a second polynomial is fit to the 
remaining points. The second polynomial is then used as 
the basis for the computation of the residuals 
(including that of the point excluded at step one) and 
outliers are identified by comparison of the resulting 




CORRECT із the program used to correct thp value of a 
single data point. The algorithm includes a check of 
the identification number, the time-of-measurement and 
the current value of the measurement; and is used to 
replace the current value by the corrected value. For 
variables having the values of other variables 
dependent uoon them, the program also automatically 
updates this list of dependent variables. 
DATAGEN was written for use during the final phase of 
data collection in order to generate estimates for 
incidental missing data points. Tne values are 
estimated using only neighboring (longitudinal) 
measurements on the variable in question. Given a 
missing value in period k, the program calculates the 
periods of measurement to be used in estimating the 
missing value (usually four periods, say, ni, n2, n3 
and пЧ). All children from the same cohort having 
complete data for periods k, ni, n2, n3 and n4 are then 
selected and their values in period к are predicted 
from a regression equation based on the other four 
periods. The estimated value is then that predicted 
from the resulting regression equation plus a randomly 
selected 'error' from the normal distribution with mean 
zero and variance equal to the residual variance of the 
regression analysis. for this purpose a pseudo-random 
number generator in the computer is used. The addition 
of the normally distributed error is to make the 
estimates of the differences between periods of 
measurement unbiased. The resulting data set is then 
stored in a special file on disk (Figure 2). 
Data Analysis 
The data analytic aspects of the system must take into 
account the mixed-longitudinal structure of the study 
by providing for not only (purely) longitudinal and 
cross-sectional data analysis capabilities, but also 
analysis strategies which incorporate formal procedures 
for assessing the impact of the age, cohort, time 
of-measurement and/or learning (testing) effects on our 
developmental data (19). As a first step in this 
direction, the program AGC provides the Average Growth 
Curves for specified variables. The overall mean values 
are provided as well as the means specific to each 
cohort and sex. The overall mean values of the 
variables in question may then be partitioned into 
components reflecting the magnitudes of the effects 
specifying the model, thus providing a reasonable 
descriptive picture of the factors effecting the 
observed patterns of growth. The program MIXLODAN is 
used to provide formal tests for the signigicance of 
these effects and other test statistics that depend in 
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a formal way on the mixed longitudinal structure of the 
data base are also provided. 
Tne more traditional data analytic strategies for the 
purely longitudinal and/or cross-sectional components 
of the study are carried out by Renerai statistical 
computing packages (BMD,CLUSTAN, SPSS,etc.). Since 
these packages do not interface with the direct-access 
data files of the growth study, the program SELECT was 
developed to create the sort of data files which are 
acceptable for input into these packages. The output 
files of SELECT have a card image structure with four 
'columns' per score and one code (9999) for missing 
data points. The specifications needed to run SELECT 
are simply the desired combination of variables, 
periods and cohorts. Provisions are also made for the 
selection of more complicated subgroups and for the 
transformation of the measured variate values. In 
addition, SELECT allows the user to incorporate his own 
subroutines into the program. For these reasons, SELECT 
is the program most frequently used by the 
investigators in the Nymegen Growth Study. 
SELECT is also often used in conjunction with the 
program MISDAT when the analysis program in question 
cannot accomodate missing data. MISDAT searches 
(throughout a specified subset of the data) for 
variables which are highly correlated with the variable 
presenting a missing data point. The missing value is 
then estimated using regression techniques and the 
estimated value is printed along with the corresponding 
correlation and regression coefficients. The number of 
estimated (missing) values per child and per variable 
are also printed and compared with a user-specified 
threshold value which, if exceeded, causes the 
exclusion of the corresponding case from further 
analysis. Much work in the field of handling missing 
data has been done by Gleason and Staelin 1975 (1). 




























































































































































mixed-longitudinal studies and our experience suggests 
that the ultimate success of such studies may well be 
directly dependent upon the attention paid to these 
matters before the actual data collection begins. It is 
critical that those responsible for data processing and 
analysis spend enough time with the participating 
groups to gain some appreciation for the major aims of 
the study, especially those aims which are based on 
interdisciplinary considerations. Varying measurement 
schedules, the amount of preprocessing required to make 
the basic data machine-readable, and a host of 
unforeseen circumstances will have their effects on the 
eventual merging of the separate, within-discipline 
data files and the system must be flexible enough to 
accomodate such perturbations without jeopardizing 
progress dependent upon data already accumulated, 
cleaned and edited. The system described in this paper 
has proved workable in practice and although different 
studies will present varying sets of data processing 
problems, it is our hope that the discussion provided 
here may prove useful as a guide to others considering 
the study of growth and development in the 
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Since the construction of growth velocity curves using the simple increment 
method (ι e , plotting the increments Δχ, vs time, I) involves a number of meth­
odological problems, when mathematical curves are fit, they are generally fit to the 
"distance traveled" plot (of X| vs t) and the corresponding velocity curve is then 
obtained by differentiation However, most of the traditional methods for accom­
plishing this (e g , fitting the Gompertz or logistic curves) require that the course of 
growth be studied over a sufficiently long time period to allow accurate determina­
tions of the upper and lower asymptotes of these S-shaped functions This is not 
always feasible in practice, a case in point being the mixed-longitudinal Nijmegen 
Growth Study where each of the cohorts comprising the sample is followed for but a 
five-year period In such situations, alternative approaches to the problem of con­
structing growth velocity curves mav be of considerable practical as well as theoreti­
cal interest One such approach is developed in this paper and its use is illustrated on 
some data collected as part of the Nijmegen Growth Study These results are then 
compared with those obtained using the increment method on the same data 
INULX WORDS Growth velocity estimation, longitudinal data, human growth 
An individual growth series may be represented by a vector of 
observations (x,, x2, . . . , x-r) where χ denotes the value of the 
measurement in question and the subscripts t = 1, 2, . . . , T, index 
the points of time at which these measurements wert taken. Given 
such a series of measurements, it is often of interest to study the 
growth curve {Χχ vs. t) and/or the velocity curve, the latter represent­
ing the rate of change in x, with respect to t. A number of methods 
have been described for fitting smooth curves to the observations in 
hand (see the bibliography given by Kowalski and Guire, 1974). 
While the method of choice in any particular situation may be seen 
to depend on such factors as the nature of the measurement under 
consideration, the total length of the period of observation, the 
frequency with which observations are recorded during this interval, 
and whether or not the measurements are made at equally-spaced 
* This studv was supported, in part, by a grant to the Nijmegen Growth Study from "Het 
Praeventiefonds," The Hague, The Netherlands 
'Department for Statistical Consultation University of Nijmegen, Nijmegen, The Netherlands 
'Institute of Human Biology State University at Utrecht, Utrecht, The Netherlands 
^Statistical Research Laboratory University of Michigan, Ann Arbor, Michigan 
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time points, etc., the consensus appears to be that the basic de­
siderata for the type of curve to be fit included that we should 
choose one which (a) provides a close fit to the data, (b) has a 
reasonably simple functional expression and (c) has relatively few 
parameters, whose meanings are clear and with a definite biological 
significance (Israelsohn, 1960). Further, in the case of growth veloc­
ity curves, since the plot of the increments Axt = xt — x, , for t = 2, 
3, . . . , Τ involves a double error of measurement (which results in 
successive increments being negatively correlated: see, e.g., van der 
Linden, et al., 1970), when mathematical curves are fit, they are 
generally fit to the plot of Xt vs. t and the corresponding velocity 
curve is then obtained by differentiation. The only alternative to this 
strategy we have been able to document (for a recent discussion, see 
Marshall, 1975) is the so-called increment method of estimating 
velocities which corresponds to simply connecting the growth incre­
ments by straight lines, i.e., taking Δχ, vs. t as the velocity curve. 
Thus in practice, if the growth velocity curve is the object of 
inference, one currently must choose between the increment method 
and fitting a curve to the plot of x, vs. t and differentiating it. 
One of the drawbacks of the former procedure has already been 
noted, namely, that successive increments are negatively correlated 
due to the fact that,, say, \.¿ is involved in both Δχ, (= \-¿ - χ,) and 
Δχ2 (= χ.» — χ ;. Thus if χ-, is measured with error e > 0, Δχ, is "too 
big" and Δχ2 is "too small." Moreover, the fact that two measure­
ment errors are involved in computing the value of any given 
increment means that the standard error of the difference between 
successive observations is VT times that of the error of the individ­
ual measurements. Another troublesome point is that increases in 
the sampling frequency over the time period of the study is not 
accompanied by an increase in the precision with which individual 
velocities are estimated. Since the measurement error of a given 
increment depends only on the measurement errors of the corre­
sponding individual measurements, we must face the somewhat 
counter-intuitive fact that more information concerning the process 
under study does not result in more accurate estimates of the indi­
vidual velocities. Indeed, increasing the sampling frequency results 
in a relatively smaller accuracy of the calculated velocities. For, 
when observations are made more frequently, the magnitudes of the 
associated changes are necessarily smaller and yet the magnitudes of 
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the measurement errors are unchanged. The latter may then com­
prise the major source of variation in the series. 
Examples of the latter procedure—the approach through the dif­
ferentiation of a smoothed growth curve—include the fitting of the 
logistic (Feller, 1940), Gompertz (Deming, 1957) or von Bertalanffy 
(Fabens, 1965) curves to the plot of x, vs. t, say χ = f(t), and 
obtaining the velocity curve as the derivative dx/dt = f'(t) of this 
function. For a good discussion and a comparison of the logistic and 
Gompertz curves in a particular practical application, see Marubini, 
et al. (1971, 1972). The main drawback to this approach is that 
accurate fits of these functions requires that the course of growth be 
itudied over a sufficiently long time period to allow accurate deter­
minations of the upper and lower asymptotes of these S-shaped 
functions. For example, Marubini, et al. (1972) studied the growth 
of children who had beçn measured every three months throughout 
their adolescent growth spurts and afterwards at longer intervals 
until they had reached full adult size. They explained, "This re-
quirement was made because the method of fitting requires initial 
estimates of the constants based on well-defined upper asymptotes." 
While they claimed that it was less critical to have a good estimate 
of the take-off point (the point of minimum pre-pubertal velocity), 
which serves as the initial estimate of the lower asymptote, it would 
appear that in general these functions may be usef il only when 
substantial information is available concerning the course of growth 
throughout the adolescent growth cycle. In addition, growth does 
not always proceed according to such simple formulae (e.g., for 
skinfold measurements and in pathological situations). One way 
around these problems involves the fitting of polynomial growth 
curves. Such functions have several convenient mathematical prop-
erties (Kowalski and Guire, 1974), but the biological interpretation 
of the results obtained is difficult. Moreover, the coefficients of the 
powers of time included in the model are statistically dependent, 
making subsequent statistical analyses of these data difficult from 
both the technical (Kowalski, 1972) and interpretative (Israelsohn, 
1960) viewpoints. 
We consider, then, an alternative procedure for the estimation of 
growth velocities which can be usefully employed in situations in 
which it is either impossible or impractical to observe the individ-
uals included in the study over extended periods of time. Our 
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interest in such a procedure was prompted by our need to analyze 
certain data being collected as part of the Nijmegen Growth Study 
where each of the cohorts comprising the sample is studied for but a 
five-year period. Since our illustrative examples and the comparison 
of the proposed technique with the increment method are all based 
on these data we provide a brief description of the Nijmegen 
Growth Study in the following section. For a more detailed discus­
sion, see Prahl-Andersen and Kowalski (1973). 
T H E NIJMEGEN GROWTH STUDY 
The Nijmegen Growth Study is an interdisciplinary, mixed-
longitudinal study of the growth and development of Dutch children 
currently in progress at the University of Nijmegen, The Nether­
lands. The basic structure of the design of the Study consists Ы 
taking a sample of individuals at age tj and observing them for a 
specified number s of years, another sample at age ^ < ti + s and 
observing them for s years, etc. The study can then be completed in 
s years' time and provides estimates of the average growth and/or 
velocity curves in the overlapping age intervals (t,, t, + s), (tj, t2 + 
s), . . . , (th, Ik + s). These segments may then be combined to 
obtain the average growth curves over the entire growth period (t], 
tk + s) where, typically, s is chosen to be small relative to Іц + s — 
ti. However, note that choosing s "small" for reasons of efficiency 
implies that no one individual is observed for more than s years and 
this leads to difficulties in assessing individual growth velocity 
curves as indicated earlier. 
Nonetheless, mixed-longitudinal designs have a number of impor­
tant properties (Prahl-Andersen and Kowalski, 1973; Schaie, 1965) 
and the answer to this dilemma would appear to be to develop new 
methods for estimating the velocities and not simply increasing the 
magnitude of s inasmuch as extending the period of observation can 
lead to serious practical (Jones, 1958; Streib, 1966) and theoretical 
(Cronbach and Furby, 1970; Schaie, 1972) problems. 
In the Nijmegen Growth Study, e.g., we are studying six cohorts 
(i.e., к = 6) each cohort represented by a sample of approximately 
75 children, over a five-year period. This provides information on 
the growth and development of Dutch children from 4-14 years of 
age and, in addition to the fact that the study will be completed in 
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just five years' time, this design permits separate estimates of the 
effects of growth, generational change (the cohort effect), time-of-
measurement and testing or learning effects. These advantages 
would seem to outweigh any disadvantages which might accrue 
from not being able to fit any of the standard growth velocity curves 
and the method described in the following section can be used in this 
and other similar situations. 
In this paper we consider only data which have been collected from 
the oldest of these cohorts since the sampling frequency in these 
groups has been the highest, namely, four observations per year. 
These children—born in Aug./Sept. 1961 or Nov./Dec. 1961—are to 
be observed from Feb. 1971 through Dec. 1975, i.e., between the 
ages of 9 and 14. In these five years, twenty measurement periods 
will be utilized. The analyses presented in this paper are limited to 
the first fourteen of these measurement periods, namely, from Feb. 
1971 through June 1974. The children are scheduled in such a way 
that their ages within each period have as small a range as possible. 
During each examination some 175 measurements on each child are 
taken, including psychological, dental and anthropometric varia-
bles. Here we consider but five of the anthropometric measurements: 
height, sitting height, weight, shoulder width and hip width. These 
measurements are automatically recorded as described by Prahl-
Andersen, et al. (1972). Duplicate determinations of height were 
made during several periods and these have shown a measurement 
error of 2.0 mm for this variable. Sample sizes may vary slightly 
within several of the groups analyzed due to missing data for some 
of the variables at certain time points. We turn now to a description 
of the method developed for analyzing individual growth velocity 
curves for these data. The method involves the use of overlapping 
polynomials for smoothing (see, e.g., Whittaker and Robinson, 
1967; Hildebrand, 1956) but has not, as far as we are aware, been 
previously applied to the study of growth. 
ESTIMATING GROWTH VELOCITIES 
Our approach to the estimation of individual growth velocity 
curves is predicated on the notion that since the growth curve is a 
monotonically increasing function of time, it may be assumed that 
within every small time interval (e.g., one year) the growth curve 
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can be approximated by a Taylor series expansion using a limited 
number of terms.1 More explicitly, we assume that the growth 
curve, f(t), defined over an interval containing the point t = a, may 
be expressed in the form 
f(t) = f(a) + f'(a)(t - a) + f'(a)(t - a)2/2! + . . . 
+ fd)(aXt - a)d/d! + ^,,,(1) 
where f', f' and fd) are the first, second and d,h dérivâtes of f 
respectively and R^iit) is the remainder after d terms (see, e.g., 
Olmsted, 1956, p. 418). With this assumption, individual growth 
curves can be described by a polynomial of low degree over a small 
time interval. The growth velocity curve may then be obtained by 
taking the derivative of the approximating polynomial over the 
interval of interest This differs from the strategy of simply fitting a 
polynomial to the growth curve over the total growth period in 
that the period of observation is divided into subintervals and sepa-
rate approximating polynomials are fit to the observations within 
each of these subintervals. This allows the use of polynomials of low 
degree, provided only that the subintervals are chosen sufficiently 
small. While it is not necessary to actually expand f(t) into its Taylor 
series—one simply fits separate polynomials in each of the sub-
intervals—it should be noted that in order to use the method de-
scribed here one must decide on the length of the subintervals to be 
used and the degree of the polynomial, d, to be fit to f(t) over these 
subintervals. After having fixed the degree of the polynomial and 
the length of the interval over which the polynomial is to be fit, the 
points at which estimates of the growth velocities are required (e.g., 
on each birthday or at each time of measurement) are embedded in 
an interval of the prescribed length and the derivative of the ap-
proximating polynomial of the prescribed degree is evaluated at 
these points. The optimal combination of the length of the interval 
and the degree of the polynomial will be determined by the form of 
the growth curve (especially changes in velocity, i.e., acceleration) 
over the interval, the sampling frequency and the error of measure-
ment. In order to reduce the error of the estimate of the growth 
1
 Actually, the more general Weierstrass approximation theorem (Ralston, 1965, pp 21-Λ1) 
could be used here to provide approximations for an even wider class of functions Taylor's 
theorem is, however, perhaps more widely known among biologists and is sufficient for the 
purpose of this paper 
78 
MARTIN A. V A N ' T HOF ET AL. 
velocity at a particular point, the interval should be chosen to 
contain as many measurement points as possible within the interval. 
In practice, the position of the interval can be varied in the al-
gorithm for obtaining the growth velocities and the optimal position 
can then be determined by trial-and-error, i.e., by choosing the 
position which minimizes the standard error of the estimator of the 
required growth velocity. Note that both the increment and overall 
smoothing methods are special cases of the method presented here 
The application of these methods in practice is outlined in the 
subsection entitled A note on computation, immediately preceding 
the Results section. The subsections immediately following are more 
mathematical in nature, giving the derivations of some of the most 
important properties of the use of moving polynomials. These no-
tions are made precise below for the case when the times of mea-
surement are equally spaced, the most usual design for a growth 
study. More general recommendations are made later. 
Here, and in the sequel, we assume that the growth velocity must 
be estimated at time t,, with x,, denoting the observation taken at 
that point of time. At the preceding points of time t_,, t_2, · · · the 
observations are x-,,x--,, . . . and at the succeeding points tt,b¡, . . . 
the observations are x,, X2, . . . . As we are also assuming that the 
times of measurement are equally spaced, we may take t, = i (i an 
integer) for convenience. The growth velocity is then expressed in 
changes per measurement interval and the length of the interval 
used is a function of the number of observations taken within it. 
The standard deviation of the measurement error in the individual 
observations is denoted by σ. 
We begin by noting that whenever it is required to estimate the 
growth velocity at one of the points where a measurement was taken 
(viz., t,, with measurement x,,), we can restrict consideration to 
intervals containing an odd number of points. It is perhaps easiest to 
see this in the simplest case when there are but two points in the 
interval and a straight line (d = 1) is fit. The line passes through the 
two points and the procedure reduces to the simple increment 
method with the result that the growth velocity at time t,, = 0, say 
v„, is given by v,, = x, - x„ and this is estimated with standard error 
V2cr = 1.41σ. If, however, the interval contains three points then 
there are two ways of estimating v„, namely, either v,, = x, - x„ or 
v„ = x,, - χ., might be used. There are two possibilities: either x, -
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Xo and x,,— x_i are equal or they are not. If they are not equal, this 
means that the linear model is not valid over the interval from t_, to 
t,, i.e., the degree d = 1 is too small. In this case the simple 
increment method, which is predicated on the linearity assumption, 
is by definition invalid and a higher degree polynomial should be 
used. More explicitly, if the two increments are unequal, Rolle's 
theorem (see e.g., Olmsted, 1956, p. 75) implies that the estimated 
growth velocities do not hold for t,, but, rather, at some other 
unknown points of time between L, and t,. If the two increments 
are equal, then the mean of these increments is a more accurate 
estimator of the true growth velocity at time t,*. This mean value, 
which may be recognized as the estimator of choice when three 
points are fit by a straight line, is 
x, - X-, (x, - x j + (x,, - X-,) 
V,, = = 
2 2 
with standard error σ/λ/Ι = 0.7 кг which is one-half that associated 
with the increment method. Thus, assuming the validity of a linear 
model over the interval of interest, the use of three points instead of 
two produces a more accurate estimator of the growth velocity. A 
slight generalization of this argument can be uçed to indicate that 
whenever it is required to estimate the growth velocity at one of the 
points where a measurement was taken, we can restrict considera-
tion to intervals containing an odd number of points. 
We consider, then, fitting to the 2η + 1 points in a given interval 
a polynomial of degree d 
d 
g(t) = Σ a,tj 
J=0 
so that the corresponding estimate of the growth velocity curve, v(t) 
v(t) = g'(t), is given by 
d 
v(t) = Σ Ja^"1 
J = l 
and the estimated velocity at time t,, = 0 is v,, = v(0) = a,. The best 
fitting polynomial of degree d to the 2n + 1 points is obtained by the 
method of least squares by minimizing 
* see Appendix: Note 3 
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Fía,,, a,, . . . , ad) = = V 
k = 0 
This minimum is attained by setting the partial derivatives of F 
with respect to each of the a, equal to zero, viz., 
xi - Σ aki1" 
k = 0 
9F _ _ 2 V 
"Ля ^ 
O^j
 1 = _ n 
iJ = 0 for each j = 0, 1, 2, . . . d. 
These equations can be written in matrix form as 
p(,(n) 0 ρ·>(η) 0 
0 p2(n) 0 p4(n) 
P2(n) 0 P4(n) 0 






ι = - η 










ι = - η 
where Ρκ(η) = 2 ^ ik and 2 η 4- 1 is the number of points in 
the interval. This model implies that three different curves are 
under consideration, namely, the true growth curve, the Taylor 
series approximation of this growth curve and the estimate of this 
approximation as is illustrated in Figure 1. For the solution of v,, = 
a, it is possible to separate the even and odd coefficients a^ giving 
the system 
* see Appendix: Note 4 
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The model under consideration comprises three curves, namely, the growth curve, the 
Taylor-series approximation of the true growth curve and the estimate of the Taylor-series 
approximation These are illustrated above where the heavy solid line represents the true 
growth curve, the thin solid line the Taylor-series approximation, and the dashed line the 
estimate The open points represent the true values of the growth curve at the corresponding 
time of measurement and the solid points the measured (observed) values 
p2(n) p4(n) p6(n) 
P4(n) pfi(n) pK(n) 
p
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i = - n 
η 
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1 = 1 
Σί
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where Δ, = χ, — χ_ 
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From this we can note that, as in the simple case considered 
above when v0 = (x, — x-i)/2, the estimated velocity at to, v0, is 
independent of Xo, the observation taken at that point. Moreover, 
since the even coefficients a^ , do not appear in the above system, it is 
clear that the estimate of the growth velocity, v0 = ад, is the same 
for degree 2d as it is for degree 2d — 1. This phenomenon is 
illustrated for d = 1 in Figure 2. It is seen that the tangent to the 
parabola at time t = 0 is parallel to the best fitting line, i.e., the 
estimate of v0 is the same for degrees 1 and 2. This was noted by 
Seigel (1975) for d = 1 and the results presented here generalize this 
finding to polynomials of higher degree. 
The estimates of v0 and the variance of these estimators are easy 
to calculate for low degrees of the polynomial, making use of the 
fact that Var (Δ,) = 2σ2 for each i. We have: 
Degree 1 or 2
 n 
Vo = Χ ίΔ,/ρΐίη) 
i=l 
η 
Var (v0) = 2(72X i2/p22(n) = σ2/ρ2(η) 
i = l 
quantity 
1 1 1 1 1 
О time 
FIGURE 2 
The tangent in the center (t = 0) of the best fitting parabola is, for equall> spaced points of 
time, parallel to the best fitting line Fitting a parabola or line results in the same velocity at t 
= 0. 
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Degree 3 or 4 
v =
 ρβΣίΔ, - ρ4Σΐ3Δ1 _Σ( ϊρ 6 - i3P4)A, 
РгРе - P42 РгРб - Pi 2 
var (v0) = Цъ^Щг?= Рв^2 ¿ 
(РгРе - Vi) РгРе - Р4 
Substitution of 
Рг = P2(n) = n(n + 1) (2n + l)/3 
P4 = P4(n) = n(n + 1) (2n + 1) (3n2 + 3n - 1)/1S 
Ps = Рб(п) = n(n + 1) (2n + 1) (3n4 + 6n 3 - 3n + 1)/21 
give the results summarized in Table 1. 
In a similar manner, one can consider the system consisting of the 
even coefficients a* and solve for ao. Thus, just as ai gives the 
velocity at a particular point, ao gives the corresponding point on the 
growth curve. However, we do not recommend this procedure for 
obtaining a smooth growth curve for two reasons: first, we have not 
studied the properties of this technique in this context and, second, 
it would appear that if the growth curve is the primary object of 
inference, the use of spline-functions might be preferred. In any 
event, our main concern is with growth velocities and we do not 
consider the solution for ao further in this paper. 
We now consider in turn several properties of these polynomial 
estimators of the growth velocity which are simple consequences of 
the model explicated above. 
* 
Minimum Variance Unbiased Estimation 
It is clear that these estimators of the growth velocities are all 
linear combinations of the increments ДІ and that they are unbiased 
estimators provided only that the degree of the polynomial used is 
valid, i.e., provided that a polynomial of sufficiently high degree is 
fit. To show that the polynomial estimator of degree 1 or 2 is the 
minimum variance unbiased estimator of the growth velocity, v0, in 
the class of all estimators which are linear combinations of the Дь 
note that any such estimator is of the form v0 = Sw.Ai with 2X Wi = 
1 and Var (v0) = 2σ2Χ Wi2. Using Lagrange's technique for minimiz­
ing Var (VQ) subject to these conditions we find that the minimum 
unbiased estimator of v 0 is 5aw¡/2la
2
 which is, as claimed, the 
polynomial estimator of degree 1 or 2 (cf. Table 1). 
* see Appendix: Note 5 
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The Degree of the Polynomial Used 
When considering the choice of the degree of the polynomial to be 
used, it may be of interest to study the effect on the standard error 
of the estimator when an unnecessarily high degree polynomial is fit 
to the observations. If a quadratic (d = 2) function is valid, but a 
quartic (d = 4) polynomial is actually fit, the ratio of the standard 
error is 
S.E. (d = 4)_ / 25(3n4 + 6n3 - 3n + 1) 
S.E. (d = 2) y 3(n - 1) (2n - 1) (2n + 3) (n + 2) 
where, again, 2n + 1 is the number of observations in the interval 
over which the polynomial is being fit. For five observations (n = 2) 
this ratio has the value 3.0, i.e., the standard error of the quartic 
estimator is three times as large as that associated with the quadratic 
estimator. As the number of points in the interval is increased (n —> 
0°), this quotient has the value 2.5. Thus, even though a large 
number of observations may be available within a given interval, 
•some care should be exercised to not employ an unnecessarily high 
degree polynomial. 
The Sampling Frequency 
We may also consider the standard error of the estimator as a 
function of the choice of the sampling frequency within the interval 
over which the polynomial is being fit. Suppose, e.g., that in a given 
interval a second degree polynomial adequately describes the true 
underlying growth process. From Table 1, we see that the standard 
error of the estimator of the growth velocity based on 2n + 1 points 
is σ/3/[η(η + 1) (2n + 1)]. In order to make the growth velocities on 
this interval corresponding to different values of η directly compa­
rable, we multiply by 2n so that all velocities are expressed in 
changes over the entire interval and the standard error becomes 
σ;12η/[(η + 1) (2n + 1)]. Thus increasing the sampling frequency 
from 3 (n = 1) to S (n = 2) points decreases the standard error from 
1.41σ to 1.26σ. For large n, the standard error is inversely propor­
tional to ;2n + 1, i.e.* as usual, the square root of the number of 
observations. The same sorts of calculations can be used to investi­
gate the effects of changes in the sampling frequency for higher 
degree polynomials. 
* see Appendix: Note 6 
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TABLE 1 
ESTIMATORS FOR GROWTH VELOCITY AT τ = 0 WITH OBSERVATION X« EXPRESSED IN CHANGES PER 
MEASUREMENT INTERVAL X, ARE THE OBSERVATIONS (I = - Ν, , Ν) Δ, ARE THE INCREMENTS X, - x_, 
( i = l , 2 , , N) THE STANDARD ERROR OF THE ESTIMATOR IS EXPRESSED AS A 
FUNCTION OF THE ERROR OF A SINGLE OBSERVATION σ 




2n + 1 




1 or 2 
1 or 2 
3 or 4 
1 or 2 
3 or 4 
1 or 2 
3or 4 
1 or 2 
3 or 4 
Estimator of growth velocity (t = 0) 
x.-xoorxo-x-, 
•/Μχ,-χ-,) = '/ζΔ, 
^ (χ,-χ-,) + ^ (x
a
-x- 2) = (Д. + гДгУЮ 
(вд.-ДгУіг 
(Δ, + 2Δ2 + ЗАэ)/28 
(58Δ, + 67А
г
 - 22Δ3)/252 
(Δ, + 2Aj + 3Δ3 + 4Δ4)/60 
(126Δ, + 193Δ2 + 142Лз - ΒόΔ^/ΙΙββ 
Σ ι Δ , / ( 4 - η ( η + 1)(2η + 1)) 
1-1 i 
80 i f 7 f l ! { S ( 3 n 4 + 6η' - 3η + 1) ΧιΔ, -(2η + 4) ' 
7(3η2 + 3η - 1)Σι3Δ,} 
S Ε of est 
σ /I = 1 41σ 
σ/β = 0 71σ 
σΐίϊΟ = 0 32σ 
•Л-«' 
σ//28 = 0 19σ 
0 51σ 
σ//бО = 0 13σ 
0 34<7 
σ/з/(п(п + 1) (2η + 1)) 
σ Lm < 2 η - 3 ) ' < 3 η ' + 6 n J 
V (2η + 4) ' 
- 3η + 1) 
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Correlations between Successive Velocity Estimators 
As noted earlier, all of the currently available methods for es-
timating growth velocities have the property that the estimators of 
the velocities at successive points in time are not mutually indepen-
dent. This is also true for the polynomial estimators developed in 
this paper and the correlation coefficients between several of these 
estimators for various numbers of points between the points in time 
at which the velocities are being estimated are given in Table 2. 
The correlation between successive estimators derived by the sim-
ple increment method corresponds to two points in the interval, zero 
points in-between and a first degree polynomial, viz., the correlation 
— 0.50. This is a reflection of the fact that while the velocity curve 
obtained by the increment method will often intersect the true 
velocity curve, it has a somewhat jagged appearance. That is, if a 
given estimate is too high, the succeeding estimator will generally be 
too low. On the other hand, when the correlation between succes-
sive estimators is positive, the fitted curve will be smoother since 
both deviations from the real velocity curve will tend to be in the 
same direction. Note also that the smallest maximum correlation in 
absolute value within any of the columns of Table 2 is 0.40, i.e., the 
correlation corresponding to S points in the interval and a polyno-
mial of degree 1 or 2. This may be considered a strong argument 
for the adoption of this particular design in this situation since any 
other combination of interval and degree of the polynomial results in 
T A B L E 2 
T H F V A L U F S O F T H E C O R R E L A T I O N C O L Í F I C I E N T S B E T W E E N T H E E R R O R S 
I N T H E E S T I M A T O R S O F T H E G R O W T H V E L O C I T U S A T T W O D I F F Í R E N T 
P O I N T S O F T I M Í F O R 0 , 1, 2, O R 3 M E A S U R E M E N T P O I N T S 
iN-BETWffN, BY USING MOVING POLYNOMIALS 
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a stronger dependence among certain of the successive velocity 
estimators. 
Smoothing Velocity Curves 
All methods for estimating velocity curves based on linear combi­
nations of the Ai's may be recognized as methods for smoothing the 
increment velocity curve. This is because Δ, is itself a linear combi­
nation of increments, viz., 
Δι = Xi — x_i =/^63 where δ0 = Xj+i — Xj. 
J=-i 
A linear combination of the Δ,'Β is therefore a weighted mean of a 
number of increments. For example, for S points and degree 1 or 2 
for the fitted polynomial, 
=
 Δ, + 2Δ2 _ 2δ-2 + 3δ-ι + 3δ„ + 26, 
V o
 10 10 
and for S points and degree 3 or 4 for the fitted polynomial, 
_ ΒΔ, - Δ2 _ - δ _ 2 + 7δ-, + 7δ0 - Ô! Vo
 12 12 
This shows explicitly that this class of estimators are weighted 
averages of dependent quantities (the increments) and consequently 
the computation of the standard errors of these estimators is compli-
cated by the dependence structure among these components. Thus 
we suggest that it may be more efficacious to smooth the growth 
curve itself since the derivative of this will provide a smooth velocity 
curve and the standard errors of the corresponding estimators are 
more simply derived. See, e.g., Table 1. 
Estimating the Peak Height Velocity 
Given an estimate of the growth velocity curve, it is often of 
interest to use this to estimate the peak height velocity (PHV). 
Generally, the largest observed velocity is taken as the estimator of 
the PHV. While it is true that each individual velocity is an un-
biased estimator of the corresponding true growth velocity (provided 
only that the degree is valid), it is not true that the maximum 
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growth velocity is an unbiased estimator of the PHV. The larger 
the error in the estimator of the individual velocities, the greater the 
risk that the maximum observed velocity will appear at the point 
with the largest deviation from the true velocity curve. This intro-
duces a positive bias in the estimator of the PHV, and this bias is 
greatest for the method with the largest error, i.e., the increment 
method. 
A Note on Computation 
The calculations leading to the results summarized in the follow-
ing section were performed by a computer program designed to 
retrieve the pertinent information regarding the values of the mea-
surements at each age for every individual participating in the 
study. For each point at which an estimate of the growth velocity is 
required, the user specifies the degree of the polynomial to be fit and 
the length of the interval over which that polynomial is assumed to 
be valid. The program then finds the set of surrounding points 
which must be used in order to minimize the standard error of the 
estimate of the growth velocity. These then determine the form of 
the normal equations which are solved by the Cholesky (square-root) 
method. The growth velocities thus obtained are then stored for 
further analysis. 
We turn now to a direct comparison of the results produced by the 
increment method and the method on moving polynomials using 
data, already described, collected as part of the Nijmegen Growth 
Study. 
RESULTS 
The comparison is based on the results produced by the method of 
moving polynomials using 5 points and a polynomial of degree d = 
2. Thus the interval used is exactly one year, an interval over which 
a parabola may be expected to provide a reasonable fit to the true 
growth velocity curve (see Fig. 1). For brevity we will refer to this 
as the Y-P method (the yearly-parabola method). An illustration of 
the basic data base—and of some of the most salient differences 
between the form of the velocity curves produced by the two 
methods—is given in Figure 3 where the growth and growth veloc-
ity curves for the stature of two arbitrarily selected children (one boy 
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and one girl) are presented. The velocity curves as produced by the 
increment method and the Y-P method are illustrated. Both are 
recorded in cm/yr. It is seen that while the increment method 
produces an alternating growth velocity curve, giving the impression 
that growth proceeds in a series of "fits and starts," and Y-P method 
produces a smoother growth velocity curve, more in accord with the 






age (years ) 
FIGURE 3 
The growth curves of stature (left) and the growth velocity curves (right) for one boy (upper) 
and one girl (lower) The growth velocity by the increment method is indicated by the symbol 
О and the Y-P method by D. 
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also that the two velocity curves differ substantially with respect to 
both the magnitude and position of the point of maximum growth 
velocity. 
For the purpose of comparing the two methods in more detail, the 
mean values and standard deviations of the growth velocities for the 
five previously described anthropometric measurements are given in 
Table 3. These are presented separately for boys (maximum sample 
size of 70, though this may vary slightly due to missing data) and 
girls (maximum sample size of 95) and for the two methods. To save 
space, only the odd measurement periods are shown in Table 3, but 
these are representative of the entire set of calculations which were 
performed for each of the measurement periods. 
While some of the mean values of the growth velocities provided 
by the two methods differ significantly, the overall mean values 
throughout the period of observation are in generally good agree-
ment. 
This is to be expected inasmuch as a mean value of A's can always 
be expressed as a mean value of ô's. When considering overall mean 
values, the two methods differ only by their treatment of the initial 
and terminal points in the interval. The real difference between the 
two methods is apparent upon comparison of the corresponding 
standard deviations. The standard deviations for the Y-P method 
are consistently smaller than those for the incremen* method. The 
magnitude of the differences is not so striking in period 1 due to the 
asymetrical position of the initial point, but in each subsequent 
period the differences are clear and significant. Focusing on the 
middle periods (4 through 11), the pooled standard deviations for the 
stature increments, e.g., are 2.4 cm/yr for the boys and 2.7 cm/yr for 
the girls when the increment method is used. For the Y-P method, 
these values are 1.2 and 1.7 cm/yr respectively. But the question 
remains as to whether or not this amount of smoothing is advan-
tageous. In particular, we would not want to smooth the velocity 
curve to the extent that important biological variation was masked. 
While this is a difficult question to answer precisely, we can note 
that in the absence of systematic errors the observed variances (siNc2 
and βγ.ρ2) are the sum of the biological variance (SB2) and the error 
variance (σ2), viz., 
CT2 
SIN( 2 = SB2 + 2σ2 and Sy.,.2 = SB2 + —r-r (see also Table 1.) 
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TABLE 3 
M E A N S A N D STANDARD DEVIATIONS TOR THE G R O W T H VELOCITIES OF 5 A N T H R O P O M Í T R I C M E A S U R E M E N T S , CALCULATED BY 
T H E I N C R E M E N T M E T H O D A N D T H E Y-P M E T H O D FOR A M A L E A N D A F E M A L E G R O U P OF C H I L D R E N 
Period 1 
age (years) 9 S 
3 
10 0 
BOYS (N = max 70) 
5 7 9 









GIRLS (N = max 95) 
5 7 9 







S d incr 
Mean Y-P 










































































Sitting height (cm/year) 
Mean incr 
S d incr 
Mean Y-P 
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Shoulder width (mm/year) 
Mean incr 
S d incr 
Mean Y-P 

























































Hip width (mm/year) 
Mean incr 
S d incr 
Mean Y-P 
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Using the pooled variances for the two sexes and solving these 
equations for σ giving σ = 3.8 mm, which is larger than the error 
associated with duplicate measurements of stature, viz., 2.0 mm, as 
indicated earlier. This, while not providing a definite answer, is at 
least relevant to the question of whether the smoothing procedure 
may be so drastic as to cancel out important biological variation 
among the growth velocities. While the Y-P method does reduce the 
variation when compared to the increment method, it does not 
reduce this variation to the point where only measurement error is 
involved, i.e., the smoothed growth velocities contain a biological 
component of variation. 
We also calculated the correlation matrix for the growth velocities 
of the five measurements as determined by the two methods for all 
the periods of observation. The highest correlations (up to 0.87) 
between the increment and Y-P velocities occurred in the 1st and 14st 
periods, but this is primarily due to the asymmetry of the situation 
which results in the Y-P values at the initial and terminal points of 
the interval being largely determined by the values of the corre­
sponding increments. The ranges of the values of the correlation 
coefficients for the middle periods (4 through 11) are shown in Table 
4. These are generally so low as to preclude the possibility that the 
two methods are equivalent in this sense. 
Correlation coefficients between the five anthropometric mea­
surements were also computed. These were generally positive for 
both methods, but the Y-P method usually produced higher correla­
tions than the increment method. We would expect, therefore, that 
TABLE 4 
T H E RANGES FOR THE CORRELATION COEFFICIENTS BETWEEN THE 
GROWTH VELOCITIES CORRESPONDING TO THE INCREMENT METHOD 
AND THE Y-P METHOD FOR 5 ANTHROPOMETRIC MEASUREMENTS 
OVER THE PERIODS 4 то i l FOR BOYS AND GIRLS 
Correlations between increments 
and Y-P values 
Lowest value Highest value 
Stature 0 32 0 73 
Sitting height 0 21 0 63 
Weight 0 27 0 74 
Shoulderwidth 0.26 0 58 
Hipwidth 0.05 0 70 
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the correlation between sitting height and "leg length" (= stature— 
sitting height) would also be positive. Table 5, however, shows that 
this expectation is not realized when the increment method is used. 
The correlations between the growth velocities of these variables 
as produced by the increment method are consistently, and sig­
nificantly, negative. The Y-P method, on the other hand, is much 
more in accord with the expectation. While two of the sixteen 
correlation coefficients were significantly negative, most were found 
to be positive and in each case the results were better than those 
produced using the increment method. This phenomenon is caused 
by the fact that the errors in measuring leg length and sitting height 
are negatively correlated. The problem with the increment method 
is that this negative correlation is so strong as to cause the correla­
tion coefficient between the measurements themselves to change 
sign! We may summarize these results by suggesting that, in this 
case, the correlations produced by the increment method reflect 
mainly measurement error. The Y-P method, on the other hand, is 
less effected by this measurement error and produces correlations 
which reflect mainly biological fact. 
SUMMARY AND CONCLUSIONS 
A method for estimating growth velocity curves from individual 
longitudinal growth records was described and contrasted with the 
TABLE S 
T H E CORRELATION C O E F F I C I E N T S B E T W E E N G R O W T H VELOCITIES IN S I T T I N G H E I G H T 
A N D L E N G T H OF L E G S ( = S T A T U R E - S I T T I N G H E I G H T ) I N PERIODS 4 TO 11 FOR 
BOYS A N D G I R L S , WITH AN INDICATION FOR ТНЬ S I G N I F I C A N C E 
LEVELS OF T H E T E S T FOR INDEPENDÍ· NCF. XX Ρ <. 0 01, 
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XX 
- 0 31 
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- 0 63 
XX 
- 0 35 
XX 













- 0 43 
XX 
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- 0 53 
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- 0 16 
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- 0 61 
XX 
- 0 26 
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* see Appendix: Note 7 
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simple increment method. A number of differences between the two 
methods were noted and it was argued that moving polynomials are 
an effective way to smooth the errors inherent in the increment 
method without completely damping-out important biological varia­
tion among growth velocities. It was also noted that the method was 
applicable in the case when only a limited amount of data per 
individual is available, as would be realized in a mixed-longitudinal 
study design. 
On the other hand, it should be recognized that little is known 
concerning the optimal combination of the interval and the degree of 
the polynomial, both of which must be specified before the method 
of moving polynomials can be applied. While the Y-P method 
produced satisfactory results on the data considered in this paper, 
other combinations may have to be considered in other contexts as, 
e.g., with data subject to significant seasonal variation (Tanner, et 
al., 1966). 
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section 5 APPLICATIONS OF MONTE CARLO 
TECHNIQUES IN GROWTH STUDIES 

ERRORS ASSOCIATED UITH THE ESTIMATION OF INTERSECTION OF MALE AND 
FEMALE GROWTH CURVES 
by 
Machteld J. Roede and Martin A. van 't Hof 
SUMMARY 
This paper discusses the sources of error in the ages of inter-
section of growth curves of boys and girls. First, the impact of 
the sample design (cross-sectional or longitudinal) on the inter-
pretation of observed points of intersection is illustrated by 
fictional examples. It is further shown that errors in estimated 
ages of intersection are related both to sample errors (as compared 
to population growth curves) and to the angle of intersection. 
Calculations of these errors are made on the basis of data 
collected as part of the Nymegen Growth Study. For 12 anthropmetric 
quantities the first age of intersection and its error are esti-
mated. The errors are calculated by a stochastic computer simulation 
technique (Monte Carlo). 
Results show that for four quantities (bicondylar diameters of 
femur and humerus, head circumference, leg length) there is no 
intersection; boys have greater mean values than girls at all ages. 
For three quantities (weight, sitting-height, sitting-ratio) girls' 
mean curves cross those of boys at the ages of 11.2, 11.6 and 9.2 
years, with standard errors of 1.0, 0.7 and 0.9 years, respectively. 
These errors are relatively large as compared with the duration of 
the female ascendancy, with possible shifts over time within one 
population, or with possible differences between populations. For 
the remaining five quantities (height, biacromial and biiliocristal 
diameters, circumferences of upper- and fore-arm) it proved to be 
doubtful to take intersection into consideration, according the 
analysis technique used. 
These results indicate that there may exist several serious methodo-
logical pitfalls in the study of female ascendancy. 
INTRODUCTION 
During a certain age period the female level for an anthropometric 
quantity may surpass the male level. Tobias (1972) referred to this 
event as female ascendancy. Female ascendancy results from the fact 
that on the average girls begin their growth spurt and reach their 
peak velocity before boys. Thus, young adolescent girls are on the 
average taller than boys of the same age. After some time the boys 
start their growth spurt and their mean values again exceed the 
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female ones. Consequently, the average growth curve of girls 
intersects that of boys twice. Female ascendancy can be described 
by the age of each of the points of intersection where the female 
ascendancy starts and ends (the points of crossing-over and 
crossing-back) and the duration of the ascendancy. 
Because malnutrition often slows down boys' growth more than that 
of girls (Greulich, 1951; Tanner, 1962), Tobias (1972, 1975) has 
suggested that a possible use of an analysis of female ascendancy 
during adolescence might be to provide information by which the 
nutritional status of a population could be evaluated. Indeed, 
using height measurements he demonstrated extreme interpopulation 
differences in female ascendancy, both in starting point and 
duration. 
The study of female ascendancy may also be relevant in intra-
population studies in which female and male growth curves of 
various anthropometric quantities are compared, since various 
parts of the body grow at different rates (Tanner, 1962). 
For such comparative analyses, however, it is imperative to know 
the precision of the ages of the points of intersection. In this 
paper, therefore, both the interpretation of estimated ages of 
intersection in relation to the data collection design, and the 
error in the estimated ages of intersection are discussed. The 
latter is discussed in relation to anthropometric data collected 
during the Nymegen Growth Study. The first point of intersection 
(the start of female ascendancy) is calculated from the data. 
Then, to estimate its error, a stochastic computer simulation 
technique (Monte Carlo) is used. 
SUBJECTS AND METHODS 
The multidisciplinary Nymegen Growth Study was planned according 
to a mixed-longitudinal design (Prahl-Andersen and Kowalski, 1973). 
Six different cohorts of healthy Caucasian children were followed 
simultaneously, for a period of five years (1971-1975). All 
children in each cohort were born within a range of six weeks. The 
birth periods were chosen in such a way that age overlaps occurred 
between neighbouring cohorts during the course of the study. 
Thus, from children starting at approximately four, seven and nine 
years of age, growth could be studies from four to fourteen years 
of age. Children under the age of nine years were examined twice 
a year, and those of nine years and over, four times a year. Thus, 
at each visit the age of a child was a multiple of three monts, 
and the design required twenty periods of observation. The study 
started in January 1971, with a total of 486 children: 232 boys 
and 254 girls. The final drop-out rate was approximately 12.5 per 
cent, primarily due to emigration from Nymegen. 
Part of the information recorded at each visit was a set of 15 
anthropometric measurements, taken with instruments having an auto-
matic read-out (Prahl-Andersen, Pollman, Raaben and Peters, 1972). 
The anthropometric measurements were taken during the morning, 
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with the children undressed except for their under-pants. The 
measurements were taken according to the prescriptions of Weiner 
and Lourie (1969). 
The parameters under discussion in the present paper are: height, 
weight, sitting-height, sitting-ratio (sitting height/height χ 100), 
subischial leglength (height minus sitting-height), biacromial and 
biiliocristal diameters, bicondylar diameters of femur and humerus, 
and circumferences of upper- and fore-arm and head. Only data from 
the first 18 periods of observation have been used for the Monte 
Carlo analysis, covering an age range of 4.0 - 13.5 years. 
The impact of the sample design. 
Female ascendancy can only be analysed on average growth curves. 
Since either cross-sectional or longitudinal data may be used to 
supply such curves, the question arises as to which is preferable 
for the purpose of estimating female ascendancy. 
Cohort effects play a special role in this question. Cohort effects 
are most often associated with the so-called secular trend, where 
the mean values of measurements taken at similar chronological 
ages may differ between samples from a single population but born 
in different years. In cross-sectional designs, where the data 
originate from several cohorts, cohort effects may influence the 
results. Cohort effects do not enter into the longitudinal design, 
in which only one cohort is studied. Here, however, time of measure­
ment effects may be confounded in the data. This latter terra 
usually refers to temporary environmental conditions that may in­
fluence observed quantities; most often time of measurement effects 
are due to changes of observers, instruments, or measuring tech­
niques. 
The fictional examples shown in Figures 1 and 2 illustrate the 
above-mentioned effects on estimated female ascendancy parameters. 
Fig. 1 shows male and female growth curves with a female ascen­
dancy from age 9 to 13 years. The interpretation of the points of 
intersection Pj and P2 differs depending on the type of design. 
Suppose both curves are based on a cross-sectional study performed 
in 1975. The point of intersection Pj occurs at an age of 9 years, 
hence from the cohort born in 1966 (1975 minus 9). Point P2 , at 
an age of 13 years, comes from the cohort born in 1962 (1975 minus 
13). 
If there exists a strong secular trend, the apparent four-year du-
tation of female ascendancy is not valid. If, on the other hand, 
the curves are based on a longitudinal study (ending in 1975) 
both points Pj and P2 are valid for one cohort (1960). When the 
environmental history of this cohort is known, a biological inter­
pretation of the time interval between points Pj and P2 is possible, 
provided that there are no disturbing time of measurement effects. 
In Fig. 2 the results of two fictional longitudinal studies are 
presented, using cohorts of 1955 and 1960. Due to an improvement 
in nutrition the boys of cohort 1960 have higher average values 
than boys of similar ages of cohort 1955. The girls, less affected 
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Fig. 1 A fictional example of average growth curves for boys and 
girls, 
showing the points of intersection Pj and P2 . The inter­
pretation of P] and P2 for longitudinal data is different 
from the one in case of cross-sectional data. 
both cohorts 1960 and 1955. The longitudinal study on cohort 1955 
gives Pj and P^ as the points of intersection; the female ascen­
dancy lasts 6 years. For cohort 1960 the points of intersection 
are P2 and P3; here the female ascendancy lasts 4 years. A cross-
sectional study (performed in 1969) would have resulted in 
points of intersection P2 and Рц, a combination of points that 
has no special biological meaning. 
From the above, it is clear that female ascendancy can be 
studied on data from both cross-sectional and longitudinal 
studies, provided that there are no disturbing cohort and time 
of measurement effects. In practice, however, it is hard to 
avoid these. 
The data of the Nymegen study used in this paper, for instance, 
are based on a mixed-longitudinal design with six different 
cohorts, born 2, 3 and 5 years apart. During data collection the 
same (semi-automatic) measurement apparatuses were used con­
sistently, thus eliminating the most common cause of time of 
measurement error. Change of observers could not be avoided, 
however. Three observers were successively in charge of the 
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2 Comparison of points of intersection of fictional growth 
curves for boys and girls. 
Due to an improvement of nutrition, the boys of cohort 
I960 have higher average values for the quantity under 
consideration than do boys of cohort 1955. The girls, 
however, are not affected by this environmental change, 
and so have the same growth curves for both cohort 1955 
and I960. A longitudinal study on cohort 1955 results in 
Pi and P4 as points of intersection, on cohort 1960 in P2 
and P3 . A cross-sectional study in 1969 would have 
resulted in the points of intersection P2 and Рц. 
Until now, deficiencies in statistical methodology have made 
it hard to cope with such sources of bias. It has proved possible, 
however, to estimate cohort and time of measurement effects 
separately, provided that the data are collected according a 
mixed-longitudinal design (van 't Hof, Roede and Kowalski, 1977). 
For the present paper the Nymegen growth curves have been 
corrected according to this statistical model in order to be 
able to calculate relevant points of intersection. 
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Calculations of errors. 
Our remarks about the problems of studying female ascen-
dancy have so far been made with respect to the impact of 
the design. 
We turn now to a discussion of the calculation of errors in 
the age of crossing-over of growth curves. The age of crossing-
over is estimated as the age of crossing-over of the average 
sample growth curves. This estimate contains an error with 
respect to the true age of intersection. In unsmoothed growth 
curves the existance of such error is obvious because there 
is often not one point of intersection but a region of inter-
sections (boys and girls being alternatingly ahead of each 
other for some time). For smoothed growth curves only one 
point of crossing-over is found, but an error still exists. 
The error in the estimated age of intersection depends upon the 
errors in the calculated growth curves as well as upon the angle 
of intersection (Fig. 3). The calculation of the error in the 
anthropometric 
quantity 
error 2 error 3 age 
Fig. 3 The error in the age of intersection of growth curves. 
Curve 1 has an error which expresses the differences in 
the sample growth curve with the population growth curve. 
Curve 3 intersects curve 1 at a smaller angle than curve 
2 intersects curve 1. 
Consequently, the error in the estimated age of inter-
section of curve 1 and curve 3 (error 3) is larger than 
the error for the intersection of curve I with curve 2 
(error 2). If error 1 is enlarged, both error 2 and 3 
will increase as well. In practice, curve 2 and curve 3 
will also contain errors, resulting in an increased 
error in the ages of intersection. 
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age of intersection is complicated by the fact that the errors in 
the estimated growth curve and its slope change with age. 
In this study the sample growth curves have been corrected for co-
hort differences and also for possible systematical interobserver 
differences, and then smoothed according a parabola as function of 
age t, denoted by PQ + Pit + Pat2 for boys and Qo + Qi t + Q2t¿ 
for girls. (This analysis model is described by van 't Hof, et.al. 
1977). 
The parabolas are based on 80 mean cohort values, including 25 
different ages (there being more than one point for each specific 
age due to the above-mentioned age overlaps in the design). 
The estimated age of crossing-over (to) is one of the two solutions 
of the quadratic equation of the difference parabola 
(PQ - Qo) + (pl - Ql)t + (P2 - Q2) t2 = 0. The error in this 
estimate is introduced by the errors in the three coefficients, 
PQ - Qo » Pl - Qi and P2 - Q2• Their simultaneous distribution 
is assumed to be a trivariate normal distribution with a mean and 
a covariance matrix as was calculated from the data (van 't Hof, 
e_t.ab 1977). 
A theoretical calculation of the distribution of the sample age 
of crossing-over (to) is difficult because of the stochastic cha-
racter of the coefficients in the quadratic equation to be solved, 
especially how to deal with negative discriminants is a problem. 
For this reason a stochastic computer simulation technique (Monte 
Carlo) based upon the data has been applied to estimate the error 
in the age of crossing-over. Applications of these techniques are 
discussed by Mac Cluer (1973) and Johnston and Albers (1973) 
The procedure is as follows: 500 vectors are pseudo-randomly 
drawn from the above-mentioned trivariate distribution of 
(PQ - Qo , Ρχ - Qi , ?2 ~ Q2 ) > an<l t h e a S e of crossing-over is 
calculated. 
The error in the age of crossing-over may now be stua_ed in the 
context of the number (N) of generated ages of crossing-over in the 
range of 2.5 - 15.0. (A generated age outside the range of 2.5 -
15.0 years is meaningless since the calculated parabolas are pro­
bably not valid beyond this age range). On the basis of the value 
of N three decisions can be made: 
First, when N is large, it is very likely that intersection 
occurs in reality (i.e. in the population): In most such cases the 
sample growth curves will also intersect. If in this case, the 
original sample age of intersection (denoted by A) is almost equal 
to the mean value of the N generated ages of intersection (denoted 
by i ) , it is reasonable to use the standard deviation s around 1, 
as the standard error in A. 
Secondly, when N is neither large nor small, it may occur due to 
random deviations of the sample that several generated curves 
will not intersect while the sample curves do, or vice versa. 
In these situations a clear conclusion cannot be reached on the 
basis of the data. The conclusion must be that intersection is 
doubtful; values for 5 and s are not useful. 
Finally, when N is small, it is very likely that intersection 
does not occur in reality. In this case, there is usually no 
intersection of the original sample curves either. The values of 
Э and s are meaningless. 
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RESULTS 
Using the above described Monte Carlo simulation technique on the 
Nymegen Growth Study data, average growth curves of 12 anthropo-
metric quantities in boys and girls were simulated 500 times and 
points of intersection (crossing-over), if existing, were counted. 
The number, N, of ages of intersection thus generated are given 










































+ : intersection 
- : no intersection 
? : intersection doubtful 
Table 1 : Number of ages (N) of first intersection (crossing-over) 
of growth curves of boys and girls, generated using a 
Monte Carlo method in which a total of 500 pairs of 
curves were simulated. 
When N is small (i.e. < 2.5%) it is assumed that there 
is no intersection. When N is large (i.e. > 94%) inter-
section is assumed to occur in reality. For intermediate 
values of N intersection is doubtful. 
Table 1 shows that for four quantities (leg length, bicondylar hu-
merus, bicondylar femur and circumference head) there is no inter-
section (N < 11). For these quantities, boys are ahead of girls at 
all ages. 
For five quantities (height, biacromial and biiliocristal dia-
meters, circumference upper- and fore-arm) no definite conclusions 
can be drawn, since only in a moderate number of the 500 generated 
cases were intersections found (273 <^  N ¿429, i.e. < 90 percent 
intersections). Calculation of errors for these intersections is 
doubtful. 
For three quantities - sitting-height, sitting-ratio (sitting-
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height/height χ 100)and weight - there clearly is a point of cros­
sing-over, since the number of generated ages of intersection is 
more than 94 per cent. Thus, it is worth while to look at values 
for A (age of intersection of the original sample), ä (mean value 
of age of intersection of the generated curves) and s (standard 








































Table 2: Errors in the ages of intersection (crossing-over) of 
growth curves of hoys and girls calculated by a Monte 
Carlo method for quantities for which an intersection 
was found. 
Since A equals 3, the calculated standard deviation of 
the generated ages can be used as standard error of the 
original ages of crossing-over. 
From this table it can be seen that there is a crossing-over point at 
the ages 11.2, 11.6 and 9.2 years for weight, sitting-height and 
sitting-ratio, respectively. Furthermore, the age of intersection of 
the original growth curves (A) is equal to the mean о the generated 
ages (a). Hence the calculated standard deviation of the generated 
ages (1.0, 0.7 and 0.9 years, respectively)can be used as the 
standard error for the ages of crossing-over. These standard de­
viations are relatively large as compared to the duration of female 
ascendancy, to possible shifts over time within a population, or to 
possible differences between populations. 
To visualize some results of the smulation, the locations of the 
male curves and the female curves for 6 anthropometric quantities 
are shown in Figure 4. Note that the curves illustrate the regions 
of possibilities for the true average growth curves and not for 
individual growth curves. 
It may be noted that the quantities that show sex dimorphism at all 
ages are measurements in the extremities. The quantities showing 
intersection are trunk parameters. Thus, the findings of the present 
analysis give additional support to previous findings of differen­
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Fig. A Illustration of the Monte Carlo generated locations of pos­




An analysis of the corrected and smoothed growth curves of 12 
anthropometric quantities indicate that it may be difficult to 
draw valid conclusions about the actual starting point of female 
ascendancy. 
For 4 of the 12 quantities it is possible to draw the definite 
conclusion that there is no intersection; boys are ahead of the 
girls at all ages. With the other 8 quantities, intersection is 
either doubtful, or the error is so large (0.7-1.0 years) that 
the estimated ages have only very limited practical use. 
The reason for this is not the unrelability of the average growth 
curves, but the Combination of sample error (as compared to the 
population curve) and the small angle of intersection (see Figures 
3 and 4). A slightly different orientation of the curve - intro-
duced by sampling errors - may result in a drastic shift of the 
age of intersection, may introduce a point of intersection where 
no intersection actually occurs in the population, or may cause 
a false vanishing point of intersection. 
This especially holds true for the quantity height, the parameter 
most commonly used in discussions on female ascendancy. Studies on 
data from Western Countries report a point of crossing-over for 
height at about 11 years. The results presented here from the 
Monte Carlo simulation (only 407 generated ages of intersection), 
do not either confirm or deny such findings, however. A direct 
comparison of the average height growth curves for boys and girls 
in the Nymegen Growth Study (based on the complete material, 
covering the age range of 4.00 - 14.25 years) also yields an age 
of crossing-over at approximately 11 years. A closer look at the 
data as outlined above, however, may indicate that such finding 
cannot be considered as definitive. 
The estimates of the average growth curves and the ages of inter-
section presented above are based on a study of 450 children that 
includes about 6000 longitudinal observations per quantity taken 
under optimal circumstances. And yet, even this number of observa-
tions is still too small to reduce the impact of errors on finding 
the points of intersection. 
Hiernaux's and Tobias' findings that malnutrition should have a 
greater disturbing effect on the growth of boys than on that of 
girls, with a relatively small sex dimorphism in adults as a con-
sequence, are intriguing (Hiernaux, 1968 ; Tobias, 1970, 1972). 
Thus, it is interesting to follow Tobias' (1972) suggestion that 
the parameters describing female ascendancy should be included 
in population studies. 
But a certain caution should be exercised in studying these 
phenomena. Phyllis Eveleth (1975) has already noted that the use 
of the degree of adult sex dimorphism as an indication of environ-
mental conditions is not valid, since it has proved hard to 
separate the genetic from the environmental background. In the 
present study, the methodological problems which have been out-
lined indicate that findings on female ascendancy during puberty 
must be carefully scrutinized. Our analysis has shown that 
methodological problems make it hard to tell whether the extreme 
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differences in starting age of female ascendancy Tobias mentioned 
are due to biasing effects or whether they represent actual popula-
tion differences. 
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A MONTE CARLO TEST FOR WEIGHT AS CRITICAL FACTOR IN MENARCHE, 
COMPARED WITH BONE AGE, AND MEASURES FOR HEIGHT, 
WIDTH, AND SEXUAL DEVELOPMENT. 
by 
Martin A. van 't Hof and Machteld J. Roede 
SUMMARY 
It is well known that several measurable physical traits of girls 
at menarche are only slightly correlated with age at menarche. 
Since the correlation coefficient alone is not very useful for 
the evaluation of the importance of a variable for the age of 
menarche, in this study we compare the correlation coefficients 
for each of nine relevant traits measured at menarche with a 
corresponding correlation coefficient using a Monte 
Carlo technique, where the ages of menarche are randomly redistri-
buted over the sample. 
The differences between the random and actual results are most 
pronounced for bone age, sitting height and the development of 
pubic hair and breasts, showing that these characteristics may 
indeed be critically related to menarche, while the same diffe-
rences for weight, height, the ratio sitting height/height, the 
biacromial and biiliacristal diameters show that these latter 
are only moderately related to menarche. 
These results do not support the exclusivity of body weight as a 
critical factor in menarche (critical body weight hypothesis). 
INTRODUCTION 
The critical body weight hypothesis proposed by Frisch and 
Réveile (1970) - which states that menarche is triggered by 
a threshold for body weight - is primarily based on the finding 
that age at menarche and weight at menarche are not correlated. 
This finding is in contrast to the case of stature, where a 
positive correlation is found between age and stature at menarche. 
Johnston, Malina and Galbraith (1971), Johnston, Roche, Schell 
and Wettenhall (1975), Billewicz, Fellowes and Hytten (1976), 
and Cameron (1976), among others, have made skeptical comments 
concerning this hypothesis. One argument against the critical 
weight hypthesis is that the observed critical value of about 
47 kg is a mean value of individual observations with a wide 
range between 28 and 79 kg (Cameron, 1976). In other words, a 
regression line y • с (=47 kg) does not imply that each observed 
у equals c. 
The original finding that age and weight at menarche are uncorre-
lated is interesting enough for further exploration, however. In 
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this report the occurrence of the actual age of menarche is com-
pared with that of a randomly assigned age of menarche in correla-
tion with nine relevant physical traits. 
Randomization is done using a Monte Carlo technique. (A discussion 
of Monte Carlo methods is given by Hammersley and Handscomb (1964). 
The more menarche occurs at a restricted level of any given 
variable, the larger the discrepancy between the acutal and random 
results must be. Several somatic quantities are considered in 
order to judge whether weight takes a special place in relation to 
menarche or whether other parameters are more specific. 
SUBJECTS AND METHODS 
As part of the Nymegen growth study, 97 healthy Dutch girls born 
in August-December 1961 were measured four times a year, from the 
age of 9 to 14 years old. (1971-1975; c.f. Prahl-Andersen and 
Kowalski, 1973). At each visit the physician rated pubic hair and 
breast development according to the 5-point Tanner scales. Bone 
age was measured twice a year with the TW 1-method. The anthropo-
metric quantities under consideration (height, weight, sitting 
height, biacromial and bi-iliacristal diameter and the ratio 
sitting height/height) were semi-automatically measured (Prahl-
Andersen, Pollmanrij Raaben and Peters, 1972). The ages of the 
girls at menarche were obtained by quarterly inquires, completed 
by their mothers. For the present analyses, girls who dropped out 
(12%) and "late maturers" (20%) could not be used, leaving 65 
girls. The effect of censoring the sample in such a way will be 
discussed later. 
The values at menarche of each of the nine variables were calcu-
lated from the individual growth curves by linear interpolation. 
Using these values the mean (ma), standard deviation (sa), and 
correlation coefficient (r )with age at menarche were calculated, 
as well as the residual variance (resa) of the corresponding 
regression line with age of menarche. 
After this, the observed ages of menarche were randomly redistri-
buted over the same 65 girls of the sample. For each girl indivi-
dual values of the nine variables at this newly-assigned "age at 
menarche" were again calculated by linear interpolation in the 
observed individual growth curve of that girl. Again, mean (m^), 
standard deviation (s^), and correlation coefficient with age (r^ ,) 
and residual variance (res^) were calculated. This random genera-
tion process was repeated 50 times. From these 50 repetitions the 
mean values: m^ , rjj and fes^ were calculated, as well as the 
corresponding standard deviations. 
The random permutations were used in order to maintain the same 
age distribution, thus permitting a direct comparison of the 
results of the actual data and the results of the random data. 
For such comparison the standard deviations of the random results 
are required in order to determine whether the actual results 
could have resulted from a random assignment of the age of menarche. 
In order to evaluate the relative importance of each of the nine 
variables with respect to menarche, the differences of the actual 
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correlation coefficient (ra) and the random correlation coefficiert 
(rj,) are considered. Such differences in correlation coefficient, 
however, only serve for a rough comparison of the variables. A more 
precise evaluation is obtained by comparing the F-ratios of the 
residual variances (i.e. res^/resg). Indeed, the more closely a 
quantity is related to menarche the more accurately that quantity 
can be predicted from the age of menarche compared to the accuracy 
of a prediction based on any fixed age. The F-ratio is then 
also higher. 
As mentioned above, the sample used was censored for 20% of "late 
maturers". The effect of this censoring was evaluated by censoring 
the sample once more by 20%, recalculating the F-ratios, and com-
paring these with the initial F-ratios. 
RESULTS 
The values for ma, resa and ra are shown in row a of Table I. As has 
been found elsewhere (e.g. Frisch and Réveile, 1970), we also find a 
significant correlation (ra = 0.25) for height and no correlation 
for weight (ra = 0.03). 
Row b in Table 1 shows the results of the Monte Carlo calculations 
for m^, fêsb and rj,, respectively. From the standard deviations of 
these mean values - which are shown in parentheses in Table 1 - it 
can be concluded that 50 repetitions were sufficient for accurate 
values. The results show that the mean values ma and π% are almost 
equal for all variables. Furthermore, differences between the 
actual and random values are indeed encountered for the residual 
variances and the correlation coefficients, except in the case of the 
ratio sitting height/height. 
DISCUSSION 
The advantage of the Monte Carlo technique in this application is 
that the standard deviations of the calculated statistics can be 
used for the performance of statistical tests. In addition the 
programming of this kind of Monte Carlo application is very simple; 
the same program may be used both for the analysis of the actual 
data and the random data. 
Looking at the results for weight and height we see that the lower 
observed correlation for weight (r
a
 = 0.03 as compared to r
a
 = 0.25 
for height) can be further explained by its lower random correlation 
(rjj = 0.50 as compared to r^ = 0.60 for height). If age at menarche 
does indeed occurs at a given critical level of a somatic quantity, 
that quantity should show a much higher correlation coefficient 
using the Monte Carlo technique then it does using the actual 
observed value of the age of menarche. The calculated F-ratio used 
in this analysis also allows a more direct comparison of the 
variables (see Table 1). Here we see that the F-ratio for weight is 
slightly higher than the F-ratio for height, but much less than the 
F-ratios for other variables such as bone age, breast development, 
pubic hair and sitting height. The results indicate that weight is 
not the most specific variable for menarche, as was suggested by 
IIS 
the critical body weight theory. They show further that other 
somatic quantities may indeed be critically related to menarche. 
^ince the results for the twice-censored sample (see Table 1) 
confirm these findings, it may be plausible that the same conclu-
sions should hold for the complete (not censored) sample. The 
perceived relations of bone age to menarche is in good agreement 
with the findings of Marhall (1974), that bone age is important 
for the prediction of age at menarche. 
Summarizing: Our results show that weight is not the most in-
fluential factor but factors such as bone age, sitting height, 
pubic hair and breast development may indeed be better predictors 











































160.5 + 6.7 
159.3(0.4) 
83.9 + 2.7 
83.5 (0.3) 














































































Table 1 : Results of the actual data for 65 girls at 
menarche (row a) and the averages of the 
simulated values (row b). The figures in 
brackets represent the standard deviations 
for 50 independent generations. The +_ sign 
is followed by the standard deviation (sa). 
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This appendix presents some useful additional remarks on the 
papers in this thesis, which have already been published. 
Note 1 (section 2.1) 
The commonly used terminology and definitions in the context of 
mixed longitudinal designs, which have also been used here, are 
neither precisely defined nor used consistently in the literature. 
The term mixed longitudinal may also be used for designs on only 
one cohort in which repeated and independent measurements are 
mixed (see section 1). In the case, however, that a mixed longitu­
dinal design includes a mixture of longitudinal and cross-
sectional approaches, it is not necessary that all cohorts are 
followed over the same time period, as is illustrated in Fig. 1 of 
section 2.1. In addition it is not even necessary that the cohorts 
will finally overlap in age during the progress of the study 
(section 2.2, Fig. 6). The term "overlapping cohorts" has to be 
avoided, since the overlap may either refer to a final overlap 
in age (the usual meaning) or to an overlap in birth date ranges, 
which may happen when two successive school classes are studied. 
Note 2 (section 2.2) 
Several criteria are available for the determination of the degree 
of the polynomial that describes the average growth curve: 
- The goodness of fit parameter as given in section 2.2 presents 
a general impression for the adaptation of the polynomial to the 
observed points; 
- A non-random pattern in the signs of the residuals (within each 
cohort) may indicate that the degree of the polynomial is too low; 
- When the coefficient of the term for the highest decree does not 
differ significantly from zero, a lower degree of the polynomial 
may be considered. 
The choice of the degree of the polynomial must be obtained by ba­
lancing the above criteria. 
Using this strategy the following occurs: In section 2.2, in the 
case of an age range of 4.0 to 13.75 years, a second degree poly­
nomial is sufficient, while in section 2.3 for the age range of 4.0 
to 14.25 years, where puberty is more prevalent, a third degree 
polynomial must be used. 
Note 3 (section 4) 
This sentence must be read as follows: 
If the two true increments are equal, the mean of the measured in­
crements is a more accurate estimator of the true growth velocity 
at to. 
Note 4 (section 4) 
The definition of Pv.(n) 
p0(n) = 2n+l. 
n
 .k 
= 2 Σ i needs the extension of 
i=l 
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Note 5 (section 4) 
The Gauss-Markof theorem can also be used to obtain the mentioned 
results. 
Note 6 (section 4) 
An accurate calculation shows that the standard error is inversely 
proportional to / 2n+3. Since this includes an approximation for 
large n, the conclusion that the standard error is inversely pro­
portional to the number of observations (2n+l) is still valid. 
Note 7 (section 4) 
The phenomenon that causes the negative correlation coefficient 
between the growth velocities of leg length and sitting height 
for the increment method (while in fact the correlation coeffi­
cient is positive) is called attenuation. A somewhat fictitious 
example clarifies the observed differences between the increment 
method and the Y-P method. 
For height the measured growth velocity (x) is the sum of the true 
growth velocity (X) and a random error ε; hence χ = X + ε. The . 
true standard deviation for the growth velocity of height is 
denoted by s„. 
A comparable notation is used for sitting height: y = Υ + δ and 
the true standard deviation is sy. 
Since sitting height is about half of the total height it is 
reasonable to also set 5χ = 23γ. 
The measured errors e and δ are stochastically independent and 
may be assumed to have zero expectation and equal variances. It 
is convenient to express the error variance relative to the 
variance in the gro4wth velocities, hence: аг(г) = аг(в) = asy. 
ε and δ are assumed to be independent of X and Y. 
Since leg length is defined as height minus sitting height we have 
for the measured growth velocity in leg length (z): 
ζ = Χ - Υ + ε - δ . 
The observed correlation coefficient r between the observed 
growth velocities of sitting height ana leg length is given by: 
cov(V+&, Χ-Υ+ε-δ) 2RXY-l-ct2 
r y z = /ν3Γ(Υ+δ)ν3Γ(Χ-Υ+ε δ) = /(1+a2)(5+2α2-4Κ
χγ
) 
in which Κχγ is the correlation coefficient between the true growth 
velocities of height and sitting height. Κχγ is assumed to be 0.75. 
The correlation coefficient between the true growth velocities is 
obtained by setting a = 0 (i.e. no measurement errors) and a value 
of 0.36 is obtained, which is positive, as was assumed). 
For the increment method α is chosen to be equal to 1, implying 
that the measurement error in the increments for sitting height 
is of the same magnitude as the mutual differences between the 
growth velocities in a group of children. 
The correlation coefficient between the increments r y z = -0.18, 
indeed a negative value. 
For the Y-P method the measurement error in the growth velocities 
is reduced by a factor /5 (see table 1 in section 4) resulting in 
a
2
= 0.2 and a positive correlation coefficient of 0.18. 
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1 In zijn "algemene model voor onderzoek van ontwikkelinga 
problemen" gaat Schale er van uit dat de response (R) wordt 
bepaald door de leeftijd (A), cohort (C) en meettijdstip (T). 
De formule, die Schale hiervoor gebruikt, n.l. R=f(A,C,T) is 
echter weinig informatief. De uitspraak van Goldstein, dat 
hiermee eenvoudige zaken onnodig moeilijk gemaakt worden, moet 
alleen betrokken worden op de vermelde formule en niet op het 
model. 
Schale,K.W. 1965. A general model 
for the study of developmental 
problems. Psych. Bull. 64: 92-107. 
Goldstein,H. 1968. Longitudinal 
Studies and the Measurement of 
Change. Statistician 18: 93-117. 
2 "Data cleaning" is een belangrijk onderdeel van de verwerking 
van empirische gegevens. Het is te betreuren dat de 
theoretische achtergronden hiervan nog onvoldoende zijn 
onderzocht. 
3 Bij het indelen van patiënten in therapiegroepen verdient 
toepassing van de mir i.misatie methode van Taves de voorkeur 
boven zuiver aselecteren. 
Taves,D.R. Minimization. A new 
method of assigning patients to 
treatment and control groups. 
Clinical Pharmacology and 
Therapeutics 15 (1974) 143-453. 
4 Gezien de algemene ervaring dat programmeren een "kunst" is, 
is het nodig bij de publicatie van resultaten verkregen via 
berekeningen met de computer, enige verantwoording te geven 
voor de maatregelen, die genomen werden om het programma of de 
toepassing ervan op juistheid te controleren. 
5 Bij het toepassen van verdelingsvrije methoden voor de 
vergelijking van therapiegroepen bij Clinical Trials is een 
tussentijdse toetsing (en stoppen van de trial bij gebleken 
voldoende groot verschil) soms mogelijk, zonder dat dé 
onbetrouwbaarheid van de aldus verkregen procedure hoger wordt 
dan de formele onbetrouwbaarheidsdrempel van de toets. 
van Eiteren,Ph., van Lier,H., 1977. 
Interne publicatie MSA. 
6 De strategie om statistisch niet significante onderzoeks-
resultaten niet te publiceren, kan als nadeel hebben dat met 
betrekking tot plausibele maar niet bestaande relaties, alleen 
valse significanties gepubliceerd worden. 
7 Bij toepassing van de toets van Friedman of die van Terpstra 
voor m-rangschikkingen is een eenvoudige correctie mogelijk 
voor een of enkele toevallig uitgevallen waarnemingen. 
van Eiteren.Ph. The asymptotic 
distribution for large m of 
Terpstra's statistic for the 
problem of m rankings. Proc.Kon. 
Ned.Ak.van Wetensch. A60 (1957) 
522-534. 
8 Het belang van de statistiek voor de theologie moet niet 
onderschat worden. 
9 Bij toepassingen van de statistiek in de taalkunde wordt er te 
gemakkelijk van uitgegaan, dat een a-selecte steekproef van 
zinnen uit een bepaalde tekst ook een a-selecte steekproef van 
woorden uit die tekst zou inhouden. 
10 Empirisch onderzoek wordt vaak gemotiveerd met "meten is 
weten", waar men eigenlijk uitgaat van "meten is eten". 
M.A.van 't Hof - Nijmegen 1977 




